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ABSTRACT i
 
Abstract 
 
 
Dimensional stability was defined by Nicholls (1977) as “the ability (of a material) to 
maintain accuracy over time”, and the result of loss of accuracy, “distortion”, as “the 
relative movement of a single point, or group of points, away from some originally 
specified reference position such that permanent deformation is apparent”. Maintaining 
dimensional stability of dental impression materials is vital if the impression cannot be 
cast (in stone) soon after removal from the mouth.  
 
 Dental irreversible hydrocolloid (alginate) is a major dental impression material 
used worldwide in many clinical procedures. However, alginate is dimensionally 
unstable and changes its dimensions (suffers “distortion”) after removal from the mouth. 
With storage times of more than ten minutes, alginate begins to distort, and after one to 
three hours (depending on the product and storage conditions) cannot be used for many 
clinical purposes, especially fixed prosthodontics such as crowns and bridges (Hampson 
1955, Skinner & Hoblit 1956, Wilson & Smith 1963, Rudd et al. 1969, Miller 1975, 
Inohara 1977, Schoen et al. 1978, Coleman et al. 1979, Linke et al. 1985, Habu et al. 
1986, Peutfeldt & Asmussen 1989, Mathilde & Peters 1992, Khan & Aziz Sahu 1995, 
Eriksson et al. 1998, Schleier et al. 2001, and Donovan & Chee 2004). This loss of 
accuracy, due to dimensional instability, manifests as a time-dependent distortion of the 
poured stone cast, and thus any prosthesis fabricated will not fit in the mouth.  
 
 With the introduction of the more stable elastomers in the 1950s (Stackhouse 
1970, Glenner 1997, Brown 2003) that could be stored for days if necessary, without 
loss of accuracy, the alginates fell out of favour for fixed prosthodontics. Recently, there 
has been a resurgence of interest in alginate for use in dental procedures where 
dimensional stability is critical (Peutzfeldt and Asmussen 1989, Eriksson et al. 1998). 
This in part is due to the favourable properties of alginate not found in the elastomers. 
Of greatest significance is that alginate hydrocolloid is hydrophilic, whereas elastomers 
are hydrophobic (Phillips & Ito 1958, Glenner 2004). Thus, alginate materials are able 
to reproduce wet oral areas with greater precision and to produce a superior "fit" of, say, 
a gold casting produced by the Lost Wax technique (Skinner and Phillips 1982). 
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 A number of reports have been published which investigate newer alginate 
materials that are claimed to be more dimensionally stable than older formulations. 
Puetzfeldt and Asmussen (1989) found that a newer alginate1, if stored at 100% relative 
humidity, retained accuracy over 24 hours that was equivalent to that of the elastomers. 
More recently, the manufacturer of another alginate2 has claimed equivalent 
dimensional stability to the elastomers for up to 100 hours, and, whilst this claim has 
not been reported on in the literature, the present thesis will show that, under favourable 
conditions of storage, the material maintained clinically useful accuracy for up to 100 
hours.  
 
 Another approach to improving the accuracy of alginate impressions has been to 
combine reversible hydrocolloid with alginate (the “Bilaminar” technique). Frederick 
and Caputo (1997) confirmed that the new agar reversible hydrocolloids are just as 
accurate (at the time of removal from the mouth) as the new elastomers. Mathilde et al. 
(1992) and Eriksson et al. (1998) have shown that several of the “bilaminar” impression 
techniques for fixed prosthodontics, where alginate is used as a tray material supporting 
a reversible hydrocolloid (agar) wash, are as accurate and dimensionally stable as 
elastomers for up to three hours. 
 
 However, these studies are difficult to interpret due to lack of uniformity in the 
testing methods, and the fact that there is no regulatory standard available to measure 
dimensional stability for dental alginates. 
 
 The International Standard (IS) for alginate impression materials (ISO 
1563:1990E) contains no specification for dimensional stability, and thus places no 
requirement for manufacturers to state dimensional stability properties on their labels. In 
contrast, ISO 4823:1992(E) specifies the IS for elastomeric dental impression materials, 
and it does specify a requirement for dimensional stability (less than 1.5% distortion 
after 24 hours). Further, the IS sets a method for determination of dimensional stability. 
Briefly, this method (the Optical Method) uses a travelling optical microscope to 
measure the accuracy of the distance between score lines on an impression of a test grid, 
at various time periods. The American Dental Association Specification No. 19 for 
                                                          
1Blueprint, by de Tray, Germany, Halas, Australia. 
2Kromopan 100, by Kromopan Inc. 1265 Rand Road, Des Plaines, Illinois,USA 60016, Dentsply, Australia. 
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dental elastomeric impression materials is identical to the IS. There is currently no 
specific Australian Standard (AS) for the dimensional stability of any dental impression 
material. 
 
Overview of Experimental Methods 
A. The Optical Method 
The aim of Part A of this investigation was to: 
 
1. Adapt the Optical Method of the IS for elastomers to be reproducible for dental 
alginates. This was achieved by using a perforated test tray (to simulate clinical 
conditions), and measuring the grid pattern on a dental stone button after casting 
the test impression, rather than direct measurement of the impression, as for the 
IS. 
 
2. To measure and rank the dimensional stability of a number of locally available 
dental alginates. Measurements of the test stone buttons proved reproducible, 
and the results were different for each sample, allowing them to be ranked 
according to dimensional stability after 50 and 100 hours of storage. The results 
show that the traditional optical method for measuring dimensional stability, as 
specified in the IS for dental elastomers, can be adapted to measure the 
dimensional stability of dental alginates 
 
 However, the Optical Method of measuring dimensional stability of dental 
alginates is cumbersome and time-consuming. It was hypothesised that dimensional 
stability of dental alginates could be measured more conveniently by finding a thermal 
property that is directly proportional to dimensional stability. This method could be 
useful for the rapid determination of relative performance, and allow comparison with a 
determined benchmark.  
 
B. The Thermal Method 
Recently, modern methods of Thermal Analysis, Thermal Gravimetric Analysis (TGA) 
and Differential Scanning Calorimetry (DSC) have been used to rapidly age various 
polymers, including food alginates (Chinachoti 1996), in order to measure thermal 
stability. This thesis shows that thermal stability is an indicator of dimensional stability. 
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 The aim of Part B of this investigation was therefore to adapt thermal analysis 
techniques to dental alginates, and develop a method to measure their thermal stability. 
These results were then compared with those for dimensional stability measured by the 
Optical Method to determine the relationship between thermal and dimensional stability 
for dental alginates. The results show that current thermal analysis methods of TGA and 
DSC can be adapted to measure relative dental alginate dimensional stability, and are 
both rapid and convenient. This study also provides evidence that commercial products 
differ as regards the property of dimensional stability, and can be ranked accordingly. 
 
C. Practical Application of the Methods 
The aim of part C of this thesis was to validate the methods (both optical and thermal) 
developed in this study by using them to investigate the effect of varying the 
water/powder ratio on the dimensional stability of dental alginates.  
 
It was shown that dimensional stability is affected by changes to the 
recommended water/powder ratio, that both the methods detected and measured the 
changes, and that the results were proportional, in that any percentage change detected 
by the optical method, was mirrored by the thermal method, confirming that the more 
convenient thermal methods can be used to measure dimensional stability. 
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Preface 
 
 
Reliability and Validity of Dental Materials Testing 
(From a letter by M.J.Tyas , ADJ, 1990) 
 
“It is axiomatic that a laboratory test should exhibit both reliability (the extent to 
which the same measure gives the same result on repeated applications) and validity 
(the extent to which a measure really measures what it purports to measure). 
 
• in the laboratory, validity can be taken as to the extent to which the results 
predict clinical performance. 
 
• it is well known that results obtained from test of materials on enamel in the 
laboratory may be unreliable due to the many uncontrolled variables in  
oral cavity simulation. Coefficients of variation exceeding 20% are common.” 
 
The experiments in this thesis were designed to simulate the environment in the 
dental office and oral cavity, as near as possible. 
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Chapter 1 
 
General Introduction 
 
 
Constructing a cast or model of a patient’s dental arches is an important step in 
numerous dental procedures, including dentures, implants, crowns, bridges and mouth 
guards. The cast is usually made from a gypsum-based product poured into an 
impression, or “negative likeness”, of the patient’s mouth. It is on the gypsum cast that 
the dentist designs and fabricates the fixed (crowns and bridges) or removable (dentures 
and mouth guards) appliances. Thus, the cast, and therefore the impression, must fulfil 
certain criteria (as laid down in International Standards ISO 1563: 1990E and ISO 
4823:1992E) including both accuracy and dimensional stability, if it is to be a useful 
representation of the oral structures. 
 
 Dental alginates were the first chemical-set elastic polymer impression material 
to be used in dentistry (Glenner, 1997). Their application for use in the human mouth 
stems from the most striking feature of the alginate molecule, the sol (flowable) to gel 
(rigid but flexible) transition in the presence of multivalent cations (for example Ca2+), 
almost independent of temperature. Also, they are hydrophilic (flow in the presence of 
water), so can be used successfully in the wet oral environment. Derived from seaweed, 
they are cheap and easy to use, but because they are hydrocolloids (hydrogels), they 
dehydrate and distort with time (Miller, 1975), so the cast must be made almost 
immediately for maximum accuracy. It is common in a busy dental practice for there to 
be a delay between setting and pouring of the impression, so as fixed prosthetic 
dentistry became more sophisticated, the alginates were considered too inconvenient 
due to this inherent instability. 
 
 S.L. Pearson, at the University of Liverpool in 1955, developed the synthetic 
polymer dental impression materials from synthetic rubbers (Glenner 1997). Because 
they were very stable and could be stored conveniently for days if necessary, they 
quickly replaced alginate for fixed prosthodontics. While the new synthetic polymers 
(elastomers) are accurate and stable, they are expensive and inconvenient clinically, as 
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they are largely hydrophobic (do not flow well in the presence of water), and must be 
used in a dry environment (Skinner & Phillips, 1982; Petrie et al. 2003; Johnson et al. 
2003). The mouth, of course, is wet, and considerable effort must sometimes be 
expended to achieve conditions dry enough for successful use of these dental 
elastomers. If moisture (including blood and saliva) contaminates the dental surface to 
be recorded, these materials will not flow well, and suffer from a phenomenon known as 
“drag”, rendering that particular impression useless (Inohara, 1977; Craig, 1997). The 
alginates, however, are hydrophilic (flow not affected by water), and remain today the 
most popular impression material for removable prosthodontics (dentures) and general 
study model production, where absolute stability (the maintenance of accuracy over 
time) is not critical. 
 
 The reversible hydrocolloids (the agars), which are also hydrophilic, were 
introduced even before alginates, and remain the benchmark for accuracy (Glenner, 
1997). As they are thermo-set, they fell out of favour because of the cumbersome and 
inconvenient cooling technique required to set the gel, as well as the risk of burning the 
patient with poor temperature- control techniques. Like alginate, the agars are 
hydrocolloids and dehydrate, so require almost immediate pour. Recently, new systems 
that combine the accuracy of reversible hydrocolloid and convenience of alginate 
(called “hybrid impression technique” or the “bi-laminar technique”) have become 
popular (Johnson & Craig, 1986). In this technique, the very accurate thin agar “wash” 
material is applied by syringe to the dental surface to be recorded, then held in place 
(and bonding to) while setting by a more viscous alginate “tray” material, which also 
sets or “gels” the agar by the cold water content of the mix.  
 
These systems are accurate, hydrophilic, inexpensive and convenient, but as the 
alginate is the major component, they still suffer from dimensional instability, and must 
be poured within a few hours for maximum accuracy. If the dimensional stability of the 
alginate component could be improved to the extent where impressions could be stored 
up to 100 hours or more, then this bi-laminar technique might have wide application for 
the dental profession. Also, it will become important for the dentist to be able to select 
an alginate based on the property of (maximum) dimensional stability, and know how to 
manipulate that material for best performance.  
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Therefore, as research on this aspect of dental alginates progresses, methods for 
measuring dimensional stability will need to be developed, as there is currently no 
requirement (and therefore no specified method of measurement) in the international 
standard (ISO 1563:1990E). There is a requirement (for minimum dimensional stability) 
and a method of measurement specified in the IS for dental elastomeric impression 
materials (ISO 4823:1992E). This method was adapted for alginates for this thesis, to 
help prove the hypotheses “that the dimensional stability of dental alginates can be 
measured” and “that dental alginates can be ranked according to the property of 
dimensional stability”. Whilst the adapted IS method did prove the hypotheses, it is 
cumbersome and time-consuming (involves measurement of impressions of grids after 
set and storage, and use of a travelling optical microscope, the “Optical Method”, with 
inherent human error), and better and faster methods of measurement will need to be 
developed.  
 
 Some properties of polymers, including stability, can be rapidly studied and 
measured by heating (which accelerates most chemical and physical reactions and 
processes) the material and using thermal analysis techniques (Wendlandt, 1963). While 
thermal analysis has been successfully used to study many hydrogels, including food 
alginates (Anseth, 1996), the literature contains no reports of the techniques being 
applied to dental alginates. This thesis reports on the adaptation of modern thermal 
analysis techniques to determine the relationship between the thermal and dimensional 
stability of dental alginates, and assesses the potential for these techniques to rapidly 
measure the relative dimensional stability of dental alginates.  
 
 This dissertation will therefore begin with a review of the relevant hydrogel and 
thermal analysis literature, leading to a statement of the aims and objectives. It will then 
describe a series of experiments designed to test the validity of the use of a modified 
version of the IS “Optical Method” for the measurement of the dimensional stability of 
elastomers, for dental alginates. Results for the testing of six locally available dental 
alginates will be presented, and ranked according to dimensional stability. A series of 
experiments designed to investigate the use of both Thermal Gravimetric Analysis 
(TGA) and Differential Scanning Calorimetry (DSC) to measure the thermal stability of 
the same six dental alginates, will be reported, and the results ranked as for the optical 
method. These rankings will then be used to test the hypotheses “that for dental 
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alginates, thermal stability is directly proportional to dimensional stability”, and “that 
modern thermal analysis techniques can be used to rapidly measure the relative 
dimensional stability of dental alginates”, by comparing the results of the “Optical” 
study with those of the “Thermal” study. 
 
In summary, the primary aims of this project were to: 
 
• obtain dimensional stability and thermal stability measurements for six locally 
available dental alginates 
• to rank them accordingly (most stable to least stable) 
• to compare the results 
• to determine if thermal stability is proportional to dimensional stability 
 
and therefore if thermal analysis techniques can be used to (rapidly) measure the 
relative dimensional stability of dental alginates. 
 
 If the hypotheses are proved, then a secondary aim, as a follow on experiment, is 
to use the methods of thermal analysis developed in this study to investigate the effect 
on alginate dimensional stability of a variable, that of changes to the water/powder ratio 
(Chapter 8). 
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Chapter 2 
 
Fundamentals of Alginate Impression Materials 
 
 
2.1 Introduction 
2.1.1 The Dental Impression  
The basic universal procedure for taking a dental impression involves loading a viscous, 
free-flowing material into a confining tray that is inserted into the patient's mouth. For 
the first minute or two, the material is free to flow into the detail of the dentition, before 
rapidly setting to form a rigid yet elastic matrix which can be withdrawn from the 
mouth without permanent deformation, to form an accurate negative representation of 
the oral structures (Skinner & Phillips 1982). The set and removed impression is then 
“poured up” (filled with a dental stone, similar to “Plaster of Paris”) to form a hard and 
rigid model (cast) of the dentition. It is on this cast that dental prostheses are fabricated. 
 
To produce an ideal impression, the material used must fulfil certain criteria (as 
laid down in ISO 1563:1990E and ISO 4823:1992E) including both accuracy and 
dimensional stability. Dimensional stability (the ability of a material to maintain 
accuracy with time) and its measurement will be the subject of this study. To ensure 
best possible accuracy with best possible clinical properties for fixed appliances 
(crowns and bridges), a combination technique is usually employed, whereby an 
accurate and low viscosity wash material is combined with a stable and high viscosity 
"tray" material. The wash material is usually injected with a syringe (hence the need for 
low viscosity) around the tooth preparation first, then the more viscous tray material is 
loaded into the tray which is then quickly inserted into the mouth and seated over the 
wash material. Naturally, the two materials must bond together during set.  
 
It is increasingly common for dentists not to pour impressions themselves, but to 
send them to commercial laboratories. Under these circumstances, a considerable delay 
could ensue between the removal of the impression from the mouth, and the eventual 
pouring of the cast. For this reason, the dimensional stability of impression materials is 
CHAPTER 2 Fundamentals of Alginate Impression Materials 6
important. While the elastomers (synthetic polymers) are more convenient and stable, 
the reversible hydrocolloid is still the benchmark for quality and accuracy (Murray et al. 
1986; Skinner & Phillips 1988). Unfortunately, the technique for reversible 
hydrocolloids is still cumbersome; they remain dimensionally unstable, and must be 
poured within a few hours for maximum accuracy. The elastomers, while more 
expensive, are dimensionally stable (and remain accurate for seven days and more), and 
have largely replaced the hydrocolloids for crown and bridge impressions. The 
irreversible hydrocolloids (the alginates), remain the material of choice where absolute 
accuracy and stability are not required (for example, study models, mouth guards, 
occlusal splints and removable dentures). 
 
2.1.2 Early History of Impression Materials 
There is no record in ancient history of impression-taking in dentistry (Glenner, 1997). 
Matthaus Purmann (1648 -1711), a German surgeon, appears to have discussed making 
sketches and wax models from which prosthetic appliances were copied. Another 
German, Philipp Pfaff (1713 -1766), dentist to Frederick the Great of Prussia, was the 
first to describe a technique of taking impressions with sealing wax and pouring with 
Plaster of Paris to make a cast. In 1820, the French dentist, C.F. Delabarre, introduced 
the first impression tray, but still using heated wax. In 1925, Alphons Poller, an 
Austrian, invented “Nogacoll”, the first of the reversible hydrocolloids based on agar-
agar (a vegetable colloid derived from seaweed), but it was not until 1931 that it was 
applied to dental impression- taking, and called “Denticole”. Agar softens when heated 
and sets when cooled, and can be reused.  
 
These thermoset hydrocolloids, which were derived from unique seaweed off the 
Japanese coast, were used in Western dentistry up until World War II, when they 
became unavailable. At the end of the nineteenth century, E.C.C. Stanford, a chemist 
from Scotland, noticed that certain brown seaweed (algae) yielded a peculiar mucous 
extraction (Glenner 1997). He named it algin. This natural substance was later identified 
as a linear polymer with numerous carboxyl acid groups and named anhydro-B-d-
mannuronic acid (also called alginic acid). Alginic Acid (Alginate, a phycocolloid) and 
most of the inorganic salts are insoluble in water, but the salts obtained with sodium, 
potassium, and ammonium, are soluble. When agar impression material became scarce 
because of World War II, research on chemical-set alginates was accelerated to develop 
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a suitable substitute. The result was the present irreversible hydrocolloid, or alginate, 
impression materials. Chemical processing of brown algae native to North American 
waters yielded new elastic chemical-set materials with an alginate base. The dry 
alginate powder when mixed with water forms a sol, then sets (gels) to form an 
irreversible hydrocolloid alginate gel. The general use of irreversible hydrocolloid far 
exceeds that of other impression materials available, because it is easy to manipulate, 
comfortable for the patient, relatively inexpensive, and does not require elaborate 
equipment. 
 
The use of reversible hydrocolloids for the production of fixed prosthodontic 
appliances was routine in dentistry until the introduction of the elastomers (“synthetic 
polymers”) in the 1960s (Glenner, 1997). Elastomeric impression materials were 
introduced largely because of the lack of dimensional stability, and inconvenience of 
usage, of the reversible hydrocolloids. Modern elastomers, while dimensionally stable, 
are expensive, and hydrophobic (they do not flow well in the presence of moisture, 
causing “drag”), so the tooth preparations must be dry before application. 
 
2.1.3 Alginate as a Dental Impression Material 
The use of alginate dental impression material for the production of study casts, 
orthodontic appliances, removable prostheses, mouth guards, splints, bleaching trays 
etc., is a universal routine in the dental profession, and has been discussed previously. 
There is little debate that this material provides an efficient, easy to use, patient 
accepted, and cost-effective means of producing dental impressions and casts. 
Unfortunately, due to the fact that it is a hydrocolloid and the major ingredient is water, 
it dehydrates, becomes unstable, distorts (Miller, 1975), and the dental cast must be 
made soon after (less than three hours) the impression is set and removed from the 
mouth, for best results. Dental science textbooks often list the properties of an ideal 
dental impression material, and, apart from the property of dimensional stability (and 
also tensile strength, where pins or posts need to be incorporated), declare alginate as 
the material that best fulfils these criteria (Skinner 1982; Craig 1997). 
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2.1.4 The Bi-Laminar Impression 
Recently, reversible hydrocolloids have been re-introduced as the low-viscosity (light-
bodied) wash component of a fixed prosthodontic impression, in combination with the 
alginates as the stiffer (heavy body) “tray” material. The success of this “bi-laminar” 
technique has been reported by many workers (Peters & Tieleman, 1999; Fusayama et 
al. 1982; Johnson & Craig 1986). It eliminates the clinical inconvenience (of the need to 
water cool) of the all-reversible hydrocolloid impression technique, and the bi-laminar 
technique is even more convenient than elastomers (there is no need to achieve a dry 
field), but the resulting impression still must be cast within a few hours, due to 
dimensional instability. The alginate component (along with diatomaceous earth) 
contributes most to the bulk of this impression, and therefore, instability, and should 
therefore be the focus of any studies on improving dimensional stability. Figure 2.1 
illustrates the dimensional changes that occur when dental alginates set. 
 
2.1.5 Future Directions 
These new combination agar/alginate systems are inexpensive and convenient, and, 
because they are hydrophilic, on balance, could be considered the material of choice for 
fixed prosthodontics, where storage for more than a few hours is not a factor (Peutzfeldt 
1988). If the dimensional stability of dental alginate could be improved to the extent 
where impressions could be stored for up to 100 hours or more, the bi-laminar technique 
would have wide application for the dental profession. 
 
Also, dentists commonly vary the water to powder ration by up to 10% to 
achieve a more (less water) or less (more water) viscous mix to change certain clinical 
properties. There has been no investigation of the effect on dimensional stability of such 
changes. 
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Figure 2.1. Curve of distortion with time for an unrestricted block of dental alginate 
exposed to ambient humidity. Modified from M.W.Miller (1975). Note the initial rapid 
expansion then contraction. 
 
 
2.1 The Chemistry of Alginate 
2.2.1 Introduction 
Alginates are natural ionic polysaccharides with many applications in the food and 
health-care industries. The extensive use of these polymers is derived from their ability 
to form gels in the presence of divalent cations such as calcium (Ca2+) ions. Alginate is 
a “chemical” set hydrogel forming covalent bonds and is irreversible, as distinct from a 
"physical or thermoset" hydrogel (such as agar) with non-covalent bonds, and 
reversible. In seaweed, algin is present as a mixed salt of sodium and/or potassium, 
calcium and magnesium. Since Stanford discovered algin, the name “alginate” has been 
applied to a number of related substances, for example, alginic acid and all the alginates 
used in food technology, medical dressings, dentistry, and other areas. Their chemistry 
and structure are described in reference texts both for chemistry and dentistry (Adamson 
1997; Chapman 1980; Skinner & Phillips 1982). The chief active ingredient of dental 
alginates is one of the soluble alginates, such as sodium, potassium, and triethanolamine 
salts. When these soluble alginates are mixed with water, they form a sol, which reacts 
with calcium sulfate to form a gel, an insoluble calcium alginate. This is a chemical 
reaction and not reversible. Trisodium phosphate is added as a retarder to slow the 
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reaction (and increase dental working time). Calcium ions replace sodium ions on 
adjacent molecules to form a cross-linked polymer network called “brush-heap”. Water, 
the major component, is trapped in the cross-linked maze to form the gel structure.  
 
2.2.2 Alginates as Hydrogels 
Alginates are polymer gels, with water the interstitial medium, and are therefore 
classified as hydrogels. This thesis is fundamentally a study of the stability of 
hydrogels, that is, gels where the solute is water. Definitions can vary from very specific 
requirements, such as the gel particles comprising a separable, continuous phase from 
the solvent, to simply requiring that it meets certain specified physical or mechanical 
properties. Normally a true gel should be a connected or cross-linked network of 
particles in a solvent (Larsen, 1999). The distinction can then be made (Ross-Murphy, 
1998) between so-called "strong" and "weak" gels. A weak gel is one in which the cross 
links are low energy, and thus can be cleaved by thermal fluctuation, whereas a strong 
gel must be heated through a certain transition temperature in order to allow inelastic 
deformation. A strong gel is also more stable with time, so it is these gels that are of 
interest in dentistry. Examples of cross links in a gel include covalent cross links in a 
polymer network, and junction zones between discrete particles of either mutual 
adsorption or ordered structure (Ross-Murphy 1998; Dammer 1995). 
 
Most hydrogel research concerning thermal and stability studies comes from the 
food and medical dressings industries, especially the starches and gums (Anseth et al. 
1996; Bhaskar et al. 1998; Challen 1993) and this study refers to many ideas and 
techniques developed within those fields.  
 
2.2.3 Alginates as Hydrocolloids 
Colloids are often classified as the fourth state of matter, the colloidal state, (as distinct 
from a solid, a liquid or a gas) because of their differences in structure, constitution, and 
reactions (Anseth et al. 1996). Somewhere between the extremes of very small particles 
in solution, and very large particles in suspension, is the colloidal solution or “sol”, 
consisting of tiny particles of solid dispersed in a liquid. True solutions exist as a single 
phase. Colloids contain two phases, the dispersed and continuous phase, and the 
molecules are held together either by primary or secondary forces. Colloid stability is 
determined by a combination of factors including particle size, surface energy, surface 
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charge, and “wettability” – the affinity of the particles to water (Larsen 1999). The 
colloidal materials used for making dental impressions are either agar or alginate 
dissolved/dispersed (suspended) in water, and are called hydrocolloids.  
 
2.2.4 Alginic Acid Structure 
Alginic acid, the building block of the alginate gel, is a complex organic compound 
composed of D-mannuronic acid and L-guluronic acid monomers. Alginates are linear 
unbranched polymers containing alpha linked D-mannuronic acid (M) and beta linked 
guluronic acid (G) residues. Although these residues are epimers (D-mannuronic acid 
residues being enzymatically converted to L-guluronic after polymerisation) and only 
differ at C5, they possess very different conformations; D-mannuronic acid being 4C1 
with diequatorial links between them and L-guluronic acid being 1C4 with diaxial links 
between them. Bacterial alginates are additionally O-acetylated on the 2 and/or 3 
positions of the D-mannuronic acid residues. The bacterial O-acetylase may be used to 
O-acetylate the algal alginates, so increasing their water binding (Figure 2.2). Alginic 
acid polymers occur as three types, depending on the seaweed from which they are 
extracted. One type consists entirely of D-mannuonic acid units; a second type consists 
entirely of L-guluronic acidunits; and the third type alternate has D-mannuronic acid 
and L-guluronic acid units  (Lewis, Stanley & Guist,1990). Alginates are not random 
copolymers but, according to the source algae, consist of blocks of similar and strictly 
alternating residues (that is, MMMMMM, GGGGGG and GMGMGMGM), each of 
which have different conformational preferences and behaviour. As examples, the M/G 
ratio of alginate from Macrocystis pyrifera is about 1.6, whereas that from Laminaria 
hyperborea is about 0.45. Alginates may be prepared with a wide range of average 
molecular weights (50 – 100000 residues) to suit the application. Figure 2.3 illustrates. 
 
The chain arrangement is of the greatest importance, because it provides strength 
for the molecule and is responsible for the property of fiber forming. Different seaweeds 
have different proportions of the three types of alginic acid polymers (Chapman & 
Chapman 1980).  
 
Sodium, potassium and magnesium salts of alginic acid are soluble in water, the 
other salts tend to be insoluble. By adding calcium ions to an aqueous solution of 
alginic acid, the solution changes to a semi-solid state by forming the calcium salt of 
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alginate, calcium alginate. From the technical point of view, the importance of alginic 
acid lies in the properties of its salts, although the acid itself is of interest because of its 
capacity to absorb 200 – 300 times its weight in water (Chapman & Chapman 1980). 
The gel thus formed consists of 99 – 99.5% water and 0.5 – 1.0% calcium alginate. The 
gel of a dental alginate contains fillers for bulk and rigidity in the set impression, and is 
therefore about 70% water. Figure 2.4 shows diagrammatically the basic structure of set 
alginate gel. 
 
2.2.5 The "Egg Box" Model 
Morris et al. (1978) have shown that calcium ions induce chain-chain associations. 
These associations would constitute the junction zones responsible for gel formation. A 
model for the junction zone has been derived, popularly known as the “egg box model” 
(Grant et al. 1973). In this model, pairs of helical chains (Figure 2.4) are packed with 
the calcium ions located between them. The model proposed 10 oxygen atoms from the 
guluronate chains involved in the coordination of the calcium ions. Even though this 
model is commonly cited, it has been challenged several times. Braccini and Perez 
(2001) suggested this model does not seem very likely as calcium-carbohydrate 
complexes generally exhibit 7- to 9-fold coordination (stacking arrangement) of Ca2+ 
(mainly 8-fold), including one to four oxygen atoms from water. Whilst their results 
cast doubt on the relevance of the original (box of 10) “egg box model” as commonly 
invoked for alginate guluronate systems in terms of feasibility and stability, the model 
does aid understanding of a relatively complex structural system. A more realistic (but 
complex) coordination pattern was proposed by Mackie et al. (1983), and was supported 
by molecular modelling for pectin, but it is not easily explained with an everyday life 
model. 
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Figure 2.2. Schematic drawing of the linear unbranched alginate polymer containing 
mannuronic acid (M), L-guluronic acid (G) residues, reproduced from the website of 
New Scientist ‘Site of the Day’ 25 October 2000.
 
 
 
 
Figure 2.3. Representations (Stick and Van der Waals structures) of the current concept 
of the computer model of the “chain-Ca2+-chain” associations of 2-fold guluronate 
chains. The dark circles represent calcium ions, and (…..) hydrogen bonds. Adapted 
from Lewis, Stanley & Guist 1990. 
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Figure 2.4. The “egg box” model. Representations of the chain - Ca2+ - chain 
association. a) parallel and b) antiparallel arrangements, reproduced from the website of 
New Scientist 'Site of the Day' 25 October 2000.
 
 
2.2.6 Junctional Zones 
Conventional experimental techniques used to gather detailed structural information are 
not well suited to study intermediate states such as a polysaccharide gel in which 
ordered and disordered conformations coexist. Considering the discrepancies in the 
experimental data and the speculative nature of the proposed models, Braccini and 
Perez (2001) investigated the structural features of the junction zones at the molecular 
level by studying the associations of galacturonate and guluronate chains with calcium 
ions using molecular modelling. In the representation of a junction zone, they consider 
two chains interacting via calcium ions; the two chains are either in a parallel or anti-
parallel arrangement. The calculated chain pairings refer to the first-stage process in the 
formation of the junction zones, that is, the dimerisation (linking of two identical 
molecules into a regular helical conformation and with the calcium ions periodically 
distributed along the chains. 
 
One important property of the alginate gel that contributes to instability is its 
non-equilibrium feature (Smidsrød 1973). This implies that the obtained mechanical 
properties depend upon the history of gel formation, and, furthermore, that the apparent 
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equilibrium modulus is altered by exposing the gel to a heating/cooling cycle. This 
property is at least partly due to a certain degree of sub-optimal cross-linking (Andresen 
et al. 1977). 
 
2.2.7 Calcium Ions 
Braccini and Perez (1999) have demonstrated the high specificity of the alginate chain 
interaction with the presence of a well-defined periodic and unique chelation sites for 
calcium along the uronate chains. Equilibrium dialysis studies (Morris et al., 1978) of 
the stoichiometry (structure) of calcium binding to alginate chains revealed that the 
level of bound calcium could be consistent with pairs of chains having 21 symmetry 
(Figure 2.4). Using methods such as measurement of activity coefficients and transport 
parameters, calcium ions were shown to dimerise chains even at very low polymer 
concentrations, and appreciable aggregation was observed. The cooperative effect in 
calcium binding was also observed, was correlated with a conformational transition, and 
could be explained by the presence of an array of specific binding sites regularly 
distributed along the chain, which presents an ordered conformation (Rees & Welsh 
1977). Furthermore, inspection of molecular models of the dimer structure indicated that 
the corrugated chains provide cavities between them having the proper size and 
environment for binding calcium ions. This information supported the “egg box model”, 
in which pairs of 21 helical chains are packed with the calcium ions located between 
them (Figure 2.4). 
 
2.2.8 Gelation 
Gelation is the conversion of a liquid to a disordered solid by formation of a network of 
chemical or physical bonds between the molecules of the liquid. The liquid precursor is 
called the “sol” and the solid formed from it is the “gel”. For dental alginate, the sol-gel 
reaction can be described as a reaction of soluble alginate with calcium sulphate to form 
insoluble calcium alginate gel, and can be written as: 
K2nAlg + n CaSO4 → n K2SO4  +  CanAlg                                                   (1). 
 
The simplest explanation of gelation is that clusters grow by condensation of 
polymers or aggregation of particles until clusters collide; then links form between 
clusters to produce a single giant cluster called a gel. The giant spanning cluster reaches 
across the vessel that contains it, so the sol does not pour when the vessel is tipped (or, 
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in the case of dental alginate, does not run out of the impression tray). Accordingly, the 
gel appears when the last link is formed to form the spanning cluster, which is now 
continuous from one side of the vessel to the other. This last bond is no different from 
those before or after the gel point, except that it is responsible for the onset of elasticity 
(Brinker & Scherer 1990). For alginate, gelation has been demonstrated to result from 
specific and strong interactions between calcium ions and blocks of galacturonic and 
guluronic acid residues (Grant et al. 1973). Polygalacturonate and polyguluronate chains 
bind calcium strongly, as demonstrated by the high selectivity coefficients (Kohn 1974) 
and give alginates their strength and stability. Gel strength is also related to the level of 
polyguluronate present (Smidsred & Haug 1972). 
 
Physical gelation (as for agar) occurs as the result of intermolecular association 
(weak, reversible bonds from Van der Waals forces, electrostatic attractions, or 
hydrogen bonding) leading to network formation. Chemical gelation (as for alginate) 
occurs through reactions, including, condensation, addition, and vulcanisation (stable 
chemical cross-linking). Chemical hydrogels are commonly water-swollen networks of 
hydrophilic homo-polymers or copolymers. It is probable that the most stable dental 
alginates have the greater levels of chemical gelation (Anseth et al. 1996). 
 
2.2.9 Decomposition (Degradation) Mechanisms 
Decomposition of polysaccharides occurs via cleavage of the glycosidic linkages that 
result from the formation of acetals (Smidsrod 1963 & 1965). The glycosidic linkages 
found in alginates are quite resistant towards hydrolysis. Thermal degradation involves 
breaking the covalent – C – O – linkages, with a series of free radical reactions causing 
chain scission, which is not reversible (Smidsrod 1963 & 1965). These mechanisms 
explain the thermal decomposition of the sample dental alginates when rapidly heated in 
the experiments reported in Chapter 7 of this thesis.  
 
 
2.3 Syneresis of Alginates 
2.3.1 Introduction 
Hydrocolloids are subject to syneresis, the process in which a gel, after setting, contracts 
on standing and exudes liquid, as in the separation of whey in cheese-making. Syneresis 
is best understood as part of the “aging process” of gel formation (Brinker & Scherer 
CHAPTER 2 Fundamentals of Alginate Impression Materials 17
1990), in that the chemical reactions that cause gelation continue long after the gel 
point, producing strengthening, stiffening, and shrinkage of the network. Gelation is a 
spectacular event, when a solution suddenly loses its fluidity and takes on the 
appearance of an elastic solid. But the gel point represents merely the stage of 
polymerization where the network begins to restrain the flow of the pore liquid, there is 
no endo- or exo- therm, and the chemical evolution of the system continues unaffected. 
The processes of change during aging after gelation are categorised as polymerisation, 
coarsening, and phase transformation (Brinker & Scherer 1990). Continued 
polymerisation causes syneresis, a shrinkage of the gel network resulting in expulsion of 
the liquid from the pores (spaces between chains, occupied by water and reaction 
products), and is caused by the same condensation reactions that produce gelation. The 
physical result is shrinkage of the gel volume.  
 
2.3.2 Macroscopic Observations 
Syneresis is macroscopically characterised by a slow, time-dependent, “de-swelling” 
(shrinkage) of a gel, resulting in an exudation of liquid. It is a phenomenon commonly 
observed over time in various systems undergoing a sol/gel transition. The degree of 
syneresis can be determined after 24 hours by weighing the final gel after a gentle 
wiping off of excess water/exudate and relating this value to the original gelling 
volume. A second degree of syneresis can also be recorded for the internally set, Ca-
limited gels by equilibrating these gels for 24 hours in a 100 mM CaCl2 bath, and 
exposing them to a surplus of Ca2+ (Smidsrød & Draget 1996). 
 
2.3.3 Chemistry of Syneresis 
Syneresis in hydrogel systems is generally attributed to the formation of new bonds 
through condensation reactions, as in Equation 2. 
Ca-OH + HO-Ca  →  Ca-O-Ca + H2O                                                    (2). 
 
How does bond formation produce shrinkage? It is easy to imagine that a 
bridging bond between two calcium atoms, Ca-O-Ca, takes up less space than two Ca-
OH groups from which it was formed, so the solid phase would contract due to 
condensation. It has also been suggested that contraction is also driven by the tendency 
to reduce the huge solid-liquid interfacial area of the gel (Scherer, 1986).  
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AlgE4 is a mannuronan C5 epimerase converting homo-polymeric sequences of 
mannuronate residues in alginates into mannuronate/guluronate alternating sequences. 
Treating alginates of different biological origin with AlgE4 results in different amounts 
of alternating sequences (Ertesvåg et al. 1996). Smidsr and Stokke (2002) used 
conformational energy calculations, where energy is a function of the degrees of 
freedom in a molecule (that is, bonds, angles, and dihedrals), to find all of the 
energetically preferred conformations of a molecule (especially rotamers). This is 
mathematically equivalent to locating all of the minima of its energy function, and 
indicated that the relative extension (“stiffness', and therefore, resistance to syneresis) of 
the three types of blocks increases in the order: MG-blocks<MM-blocks<GG-blocks.  
 
This "stiffness” of a gel, due to increased viscosity, is often called “shear 
modulus”. This modulus consists of a viscous contribution, the “loss modulus” (G"), 
and an elastic contribution, the "storage modulus" (G'). Generally speaking, the stiffer 
the gel, specifically speaking, the greater the storage modulus; the greater is the 
resistance to syneresis, and, therefore, distortion (Smidsr and Stokke 2002). 
 
2.3.4 Molecular Mechanisms 
A number of papers describe some of the driving forces believed to be involved with 
syneresis in various biopolymer gel systems (reviewed by Dunstan et al. 2000), but the 
molecular mechanisms leading to syneresis in alginate gels are less clear. One 
established fact is, however, that in the case of internal gelling of alginate, the degree of 
syneresis is strongly related to the amount of calcium present (Draget et al. 1991). For 
example, when the Ca2+ concentration is increased from 10 to 30 mM in a 10 mg/ml 
high-G alginate solution by internal gelling, the final gel exhibits an increased syneresis 
going from zero to 20%, respectively (Stokke et al. 2000). 
 
2.3.5 Gel Network Alterations During Syneresis 
Small angle x-ray scattering from gels made at these two concentrations (above) of 
cross-linking ions show that, at the smallest accessible scattering vector q, it is found 
that the syneretic gel (30 mM Ca2+) shows a scattering intensity being two to three times 
higher than at 10 mM Ca2+ (Stokke et al. 2000). Stokke et al. (2000) confirmed a one-
component rod-like model, and the obtained cross-sectional radius of gyration is 
consistent with the dispersed single chain. By applying a two-component broken-rod-
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like model (allowing for poly-dispersity in the cross-section of the junction zones), they 
found a further increase in the cross-sectional radius at high levels of Ca2+. Hence, 
further lateral association of junction zones represents the microscopic alteration in the 
alginate gel network structure, resulting in macroscopic syneretic behaviour. Further, 
lateral association of junction zones can again be attributed to the inherent non-
equilibrium property of alginate gels. Guluronate blocks restricted within elastic 
segments could, given the proper conditions such as an increased level of calcium, 
interact further to create junction zones, shortening the elastic segment and contracting+ 
the primary network structure to exacerbate syneresis. 
 
2.3.6 Syneresis as a Function of Molecular Weight 
The degree of syneresis is reduced when the molecular weight is reduced (Stokke et al. 
2000). This observed decrease in syneresis with reduced molecular weight is suggested 
to stem from the concomitant increasing "loose-end" fraction, thereby reducing the 
possible attachment sites for the slowly forming junctions. Furthermore, there is most 
likely an additional effect of introducing the non-gelling oligo-guluronate blocks to a 
high mol.wt. alginate. These short fragments will probably, due to their relative short 
relaxation times, interact more readily with and between guluronate blocks within the 
high mol.wt alginate. The net result of this process would be initially larger junction 
zones, a stiffened primary network and a reduced contracting (syneretic) potential. The 
Norwegian Biopolymer Laboratory (Kurt, Ingar, and Dragnet et al. 2001) reported a 
study on syneresis in Ca-alginate gels as a function of the alginate molecular weight and 
the degree of flexibility of the elastic segments. Small angle x-ray scattering of alginate 
gels reveals an increased lateral association of junction zones when entering a Ca2+ 
regime giving syneresis. A reduced syneresis is also observed when fractions of a high 
mol.wt. alginate are replaced by short alginate molecules enriched in guluronate 
residues. 
 
They also studied the effect of altering the monomer sequence of the elastic 
segments spanning the junction zones by converting poly-mannuronate regions to 
alternating guluronate/ mannuronate sequences by the mannuronan C5-epimerase 
AlgE4. This epimerisation reaction produces a more flexible elastic segment. The 
epimerased alginates yielded gels with larger syneresis compared to the non-
epimerased, native alginate samples. Thus, both molecular weight and elastic segment 
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flexibility are needed in a molecular model for describing syneretic behavior in alginate 
gels. These parameters will, to a large extent, determine to which degree the non-
equilibrium nature of the alginate gel is macroscopically expressed (syneresis). These 
suggested junction zones are considered to be the primary driving force for syneresis, 
and alginates with reduced molecular weights showed less syneresis. 
 
2.3.7 Syneresis as a Function of Elastic Segment Flexibility 
Stokke et al. (2000) also found indirect evidence for more flexible elastic segments after 
epimerisation when suggested by a measurable sol/gel transition at low Ca2+ levels for 
the epimerased sample, whereas this is not the case for the non-epimerased, native 
alginate. As for the degree of syneresis, it manifests itself at lower Ca2+ concentrations 
for the epimerased sample, and increases steadily with increasing concentration of the 
cross-linking ions. When the degree of syneresis in Ca-saturated gels made from all 
epimerased alginates is plotted against their relative increase in FG after epimerisation, 
it becomes obvious that an increase in guluronate content, (the net effect being an 
introduction of MG alternating sequences at the expense of MM), leads to a steadily 
growing degree of syneresis.  
 
More condensed alginate gel networks hence seem to become possible with an 
AlgE4 epimerisation. This is consistent with earlier work (Martinsen et al. 1992) where 
diffusion coefficients of proteins out of alginate beads were shown to be reduced with 
an increasing fraction of single G units (FMGM). An increased flexibility presumably 
leads to an initially increased junction zone formation between G-blocks, which, in the 
non-epimerased alginate, would be topologically restricted.  
 
To summarise, both the addition of low molecular weight alginate, and an 
introduction of more flexible elastic segments, seem to bring about gels with more 
equilibrium-like properties, but by very different molecular mechanisms. Low mol.wt. 
alginate seems to introduce an equilibrium state by restricting the primary network 
structure from further contraction (low degree of syneresis), whereas more flexible 
elastic segments give an equilibrium state by allowing more rapid relaxation (high 
degree of syneresis).  
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2.3.8 Syneresis and Conditions of Gel Production 
Lucey and Singh (2001) reported that acid gels made with a high pH value (pH 4.9) 
exhibited greater syneresis than gels made with a lower pH value (pH 4.7), and this was 
probably due to the low fracture stress and the low storage modulus of high pH gels. 
High gelation temperatures result in a decrease in the fracture stress of acid gels, 
indicating that these gels would be softer, and it would be easier to have breakage of 
strands to facilitate rearrangements, than gels made at lower temperature (Bayindir 
2002). It is likely that in some acid gels, such as those made at high incubation 
temperatures, a strong endogenous syneresis pressure may occur, at least during the 
initial stages of gel formation. 
 
2.3.9 Syneresis in Other Hydrogels 
While studies of syneresis in alginates are few, other hydrocolloids have been more 
extensively examined, and many results are relevant for dental alginates. 
 
Potato Starch 
Lee et al. (2002) studied the effect of syneresis in sweet potato starch (of polysaccharide 
gums). They found that sodium alginate, guar gum and xantham were highly effective 
in reducing syneresis in starch. The gels containing starch and gum were repeatedly 
freeze/thawed (FT) up to five times by storing at -18 °C for 20 hours and then at 25 °C 
for four hours. Water release (syneresis) was measured by vacuum-filtering the 
freeze/thawed gels. Among the gums tested, alginate, guar gum and xanthan were 
highly effective in reducing syneresis. For example, guar gum, at 0.6%, showed the 
least syneresis (33.0%, w/w based on initial water content) after five FT cycles, which 
was less than half that of pure starch gel. At 0.3%, however, xanthan was more effective 
than guar gum in reducing syneresis.  Xanthan reduced paste viscosity significantly, 
whereas guar gum and alginate increased the viscosity, but there was little relation 
between paste viscosity and syneresis. The gums remained in the gel matrix during the 
syneresis without a significant loss.  
 
To measure syneresis, the gel was carefully transferred from the experimental 
dish onto Whatman No. 41 filter paper and then vacuum-filtered with an electric 
aspirator for 10 minutes. A 1 kg weight (stainless steel cylinder) was placed upon the 
gel to accelerate water release. Based on a preliminary experiment, this weight 
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effectively facilitates water release without fracturing the gel surface. The weight 
difference of the gel before and after the filtration was measured as water loss, and 
syneresis (%) from starch gels was calculated as weight percentage of water loss based 
on the initial water content in the gel.  
 
On cooling, a three-dimensional polymer network builds up in which double 
helices form junction points of the polymer chains (Glicksman 1982) Further cooling 
leads to aggregation of these junction points building up a rigid gel structure. This 
tendency of intermolecular association might lead to the relatively high syneresis and 
low stability of starch gel, and, localised changes in the matrix regions in which water 
polysaccharide interactions prevail, the effect on syneresis could be more significant. 
Among the three gums tested, xanthan was most effective in reducing syneresis, when 
0.3% gum was added. But at 0.6%, guar gum was more effective than xanthan. Ferrero 
et al. (1993) reported a syneresis decrease by adding xanthan with wheat flour and corn 
starch pastes. 
 
The syneresis results revealed that the sodium salt of alginate was also effective 
in stabilising the starch gel against the repeated treatments of FT. It was supposed that 
the stabilising effect was mainly attributed to the ionic properties of the polymer. The 
ionic groups could immobilise adjacent water molecules. Unlike xanthan or guar gum, 
alginate, however, exhibited a continuous increase in syneresis after three FT cycles. 
Possibly this trend may suggest that the mechanism causing syneresis is somewhat 
different. Also, the melting characteristics of the gels in the presence of gum were 
examined by differential scanning calorimetry (DSC) under the same conditions as used 
for syneresis analysis. As discussed with previous results, alginate may act as a strong 
water binder, effectively depriving the starch chain of usable water for recrystallisation. 
Overall results indicate that the gums tested (guar gum, alginate, xanthan) were 
effective in inhibiting not only syneresis, but also starch recrystallisation during 
repeated FT cycles. 
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2.4 Water Content of Hydrocolloids 
2.4.1 Introduction 
As might be expected from the structure of hydrocolloids, a large part of the gel volume 
is occupied by water. If the water content of the set gel changes, the volume will shrink 
or expand, affecting dimensional stability. As previously discussed, the gel may lose 
water by evaporation from its surface, or by syneresis (exudation of fluid onto the 
surface). These are characteristic properties of gels that cause shrinkage. If the gel is 
placed in water it will absorb (imbibition) and swell. Hydrocolloids are water-based gels 
with usually more than 20% and up to 99% water by weight. Dental alginate 
impressions usually have a water content of between 60% and 70%. Alginate's water-
holding capacity depends on many factors, including: pH (precipitating below 3.5); 
molecular weight; ionic strength; and the nature of the ions present (Anseth 1995). 
 
2.4.2 The Water / Hydrocolloid Interaction 
Larsen (1999) reviewed the water content of hydrocolloids. All hydrocolloids interact 
with water, reducing its diffusion, and stabilising its presence. Water may bond 
specifically through direct hydrogen bonding, or the structuring of water within 
extensive inter- and intra – molecular voids. Interactions between hydrocolloids and 
water depend on temperature and pressure, as well as a reversible balance between 
entropy loss and gain. These limiting factors may prevent the achievement of optimum 
networks and complete set (gelation). As a gel approaches optimal water binding, within 
optimal network formation, the less significant are the effects of syneresis (2.3.5). 
 
2.4.3 Nuclear Magnetic Resonance 
Nuclear magnetic resonance (NMR) is already applied in food technology research and 
development to gels for process and quality control. Hinrichs et al. (2003) studied the 
opportunities provided by NMR for characterizing, both qualitatively and quantitatively, 
the structure and water-holding capacity of hydrocolloid-gels. Generally there are four 
possibilities for characterising gels by means of NMR: 
 
1. determination of characteristic viscosities,  
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2. characterisation of the water-holding capacity of gels including sol-gel 
transitions, phase-separation and syneresis,  
 
3. detection of the denaturation of proteins, and, 
 
4. analysis of the pore system of gels with diffusion experiments. 
 
The water-holding capacity is determined by many different measuring methods, 
which are based on different measuring principles and conditions. NMR allows 
determination of the water-holding capacity, and the voluminosity and differentiation 
between gelling agents and viscosity-increasing hydrocolloids.  
 
Hinrichs et al. (2003) also used NMR to study diffusion of whey protein gels, 
showing that it is possible to differentiate between diffusion in bulk fluid and in pore 
matrix. From the inflexion point, the characteristic pore length is calculable. By means 
of the pore size it is possible to draw conclusions about the stability of the specimen. 
The permeability influences important product properties, such as syneresis and 
filtration behaviour. Their results help to identify the structure of the gel matrix and the 
phases that should be modified by processing, or additives, in order to reduce syneresis. 
  
NMR offers microscopic information about the structure of gels, and helps to 
quantify the influences of ingredients and processing and to characterise the water-
holding capacity of gels. As it is probable that the voluminosity of alginates is related to 
dimensional stability, this method should be investigated as a potential measure for the 
dimensional stability of dental alginates. 
 
Advantages of NMR 
The advantages of application of NMR in hydrocolloid technology include short 
measuring times, little or no preparation on-line measurement possible, and, in addition, 
viscosity, water-holding capacity, and denaturation can be studied. Overall, therefore, 
NMR provides a powerful tool for tackling practice-relevant problems, such as 
syneresis, and for improving or developing appropriate processes that might stabilise 
dental alginates. 
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2.4.4 Water States in Hydrocolloids 
The physical states of water in hydrogel polymers are normally referred to as the solid, 
liquid, and vapour states. Also, water in the absorbed phase has been described 
variously (Rahman 1995) as "bound" ("solid like, ice like, unfreezable and trapped") or 
"unbound" ("unfreezable, mobile") water. It has been hypothesised by Chinachoti 
(1993) that hydrogels (in food) with the higher proportions of bound water were more 
stable, but the mechanisms not well understood. They also showed that as water content 
(proportion) increased, both bound and unbound values increase nonlinearly, and may 
converge toward 100% water content. This is interesting and most important to 
assessing the functional properties and stability of hydrogels.  
 
Freezable and Unfreezable Water Content 
The unfreezable water in hydrogels has been described by various workers (Slade & 
Levine, 1991) as "plasticising" water, with close association to the polymer particles, 
and imparting higher stability. Bhaskar et al. (1998) used DSC to study water uptake by 
hydrogels (including pectin, which has a similar structure to alginate), and found three 
types of associated water: tightly bound (non freezing); loosely bound (bound freezing); 
and unbound (freezing). It is interesting that for pectin they found that the uptake of 
water by stored samples was mainly in the form of bound non-freezable (a small 
amount, 1%, was freezable) and therefore very stable. Also, there is agreement that the 
mobility of the water content in hydrogels decreases (and the gel becomes more stable) 
with decreasing temperature (Slade & Levine 1991). 
 
Stability 
It has been recognised that many properties of hydrogel polymers, including stability, 
are strongly dependent on their interaction with water (Rockland & Stewart 1981; Slade 
& Levine 1991). The dynamic processes involving water polymer interaction in 
hydrogels, however, are not well understood.  ater in these systems can be described by 
three parameters: water content, water activity, and water dynamic mobility. Water 
activity has been used extensively as a measure of water "binding" (Bone et al. 1975; 
Franks 1982). However, it has been suggested that water activity is not the parameter 
affecting stability, but rather the dynamic molecular mobility "state" of water in 
hydrogels (Slade & Levine 1991). At lower water concentrations water motion slows, 
indicating "bound" water arising from hydrogen bonding, but direct measurements of 
CHAPTER 2 Fundamentals of Alginate Impression Materials 26
the molecular dynamics have yet to be developed. In a more concentrated system, water 
would be expected to move more freely in the "unbound" state. A two-phase, fast 
exchange model of free and bound water usually fits well for systems with high 
moisture content such as alginates (Schmidt & Lai 1991). In low moisture ranges, 
information is limited. On the basis of the dynamic behaviour of water in hydrogels, 
bound water ("unfreezable") is suggested not to be energetically bound to polymer 
chains in any equilibrium sense, but rather in kinetically retarded diffusion in a meta-
stable glassy solid state. The actual state of water in hydrogels, whether it is chemically 
bound or kinetically retarded, is still being debated. 
 
Mobility 
Dickson and Chinachoti (1998) characterised water content of a food hydrocolloid 
(starch) by thermal analysis, and discussed "freezable" and "unfreezable" water content. 
Water was found to be isotropically mobile for samples over a range of water contents 
at room temperature. Mobility increased with increasing water content and temperature. 
According to Levine and Slade (1989), unfreezable water could not be frozen into ice 
due to its kinetically retarded diffusional motion in the extremely viscous matrix of 
hydrogel (starch) molecules. Thus, these water molecules should have a very low 
molecular mobility or be physically trapped in the polymer molecules. Chinachoti 
(1998), using NMR, showed the latter to be more likely, as he detected very high levels 
of mobility in unfreezable water. Such phenomena may also apply to dental 
hydrocolloids. Serp et al. (2002) studied calcium alginate beads with similar alginate 
content to dental alginates. They found that heating the beads causes a 23% shrinkage 
not totally related to water loss, but also to re-arrangement of the alginate chains. Using 
DSC, they showed that the water entrapped within the alginate beads was present in a 
single state, irrespective of the thermal treatment. 
 
Binding of Water 
Bound water in polymers and polymer complexes was analysed quantitatively by DSC 
(Hatakeyama et al. 1988). A shift in melting and decomposition temperature may be 
related to the strength of binding of water molecules to polymer chains. The melting 
temperature increased with increased water content, but this study stopped short of the 
high percentages of water (up to 80%) found in dental alginates. The three water phases 
in polymers were confirmed. These phases have not been studied for dental alginates. 
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Despite the recent progress in studies of water mobility, its relationship with 
thermochemical processes and stability in hydrogels is not yet well understood. This 
information is important to our understanding of the role of water dynamics in 
controlling hydrogel stability.  
 
2.4.5 Water Sorption by Hydrocolloids 
Gautam Bhaskar et al. (1998), using DSC, studied water uptake by several 
hydrocolloids. The majority of the water sorption occurred in the first two hours, and 
various combinations of non-freezable (bound) water and loosely bound freezable, 
were detected at various time lapses. It was suggested that loosely bound water 
progressed to bound water with time. 
 
Various investigators have used different combinations of heating and cooling 
modes to measure enthalpy of melting, or heat of fusion, to calculate the freezable 
portion of water. Lee et al. (2002) also realised that the mobility of the mobile fraction 
of a hydrogel (waxy corn starch) changed with moisture content and temperature 
(basically this increases with higher water content and temperature). There have been 
no reported studies on the detailed chemistry of the water uptake and content of dental 
alginate impression materials. 
 
2.4.6 Water Content and Dimensional Stability of Dental Alginates 
There are no reported studies relating the chemistry of the water content of dental 
alginates to dimensional stability. It is likely (as seen with other hydrogels) that, as 
water is the major component of dental alginates, the way it is bound to the alginate 
matrix will be the key to research on improvements to dimensional stability. 
 
2.4.7 Improving Dimensional Stability 
Studies reporting attempts to improve the dimensional stability of dental alginates by 
changing or adding to ingredient composition, are few. Williams and Watkins (1983) 
tested alginates that had silicone added ("siliconised alginate") and found no advantage. 
This was probably because to improve the dimensional stability of alginates, the new 
additive would need to bind water better than alginate itself. As silicone is known to be 
hydrophobic, it will do nothing to improve water binding.  
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2.5 Dental Alginates 
2.5.1 Composition of Dental Alginates 
The formula of the powder component of a typical dental alginate is shown in Table 2.1. 
Soluble alginate, usually the sodium salt, reacts with the reactor, calcium sulphate, to 
form insoluble calcium alginate, which forms the gel. A retarder, usually sodium 
phosphate, preferentially reacts with the reactor to prevent the initiation of the reaction 
to enable the dentist time ("working time") to insert the impression into the mouth 
before gelation begins. Once the impression is seated in the mouth, and the retarder is 
fully consumed, an accelerator (usually potassium titanium fluoride) takes over, and 
ensures the gelation reaction then proceeds swiftly to complete set, to enable early 
removal from the mouth. 
 
Dental alginates have high levels of particulate fillers (Table 2.1) to control 
physical properties, including viscosity, and which also affect stability (Buchan & 
Peggie, 1966). A useful way to produce a more stable gel is to use particles whose 
surfaces in solution are charged, resulting in electrostatic stabilisation. Many oxide 
particles, such as those of silicone and titanium, contain hydroxyl groups that can 
hydrolyse in aqueous media to form negatively charged oxide groups, which stabilise 
the suspension (Adamson & Gast, 1997). Buchan and Peggie (1966) reported on the 
important role of each ingredient to the properties of each alginate. The type and 
quantity of filler particle are especially important. The relationship between filler 
particles and dimensional stability has not been studied. 
 
There is a requirement to be able to rapidly assess the effect of changes to 
chemistry on the dimensional stability of dental alginates. The technique of comparative 
analysis of thermal signatures, as studied in this exercise, may fulfil that requirement. 
Also, techniques to rapidly assess the chemical composition of alginates for comparison 
will be required for future dimensional stability research.  
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Table 2.1. Formula for dental alginate powder. 
Component   Function            Weight % 
 
Potassium alginate  Soluble alginate    15 
Calcium sulphate   Reactor     16 
Zinc oxide   Filler     4 
Potassium titanium fluoride Accelerator    3 
Diatomaceous earth  Filler     60 
Sodium Phosphate  Retarder     2 
______________________________________________________________________ 
*Adapted from Skinner and Phillips (1982). 
 
2.5.2 Dimensional Stability of Dental Alginates 
The dimensional stability of alginate impression materials is important if they are to be 
considered for use in the fabrication of fixed prosthodontics (crowns and bridges), as 
this discipline of dentistry requires the material to maintain a high degree of accuracy 
for up to 100 hours if needed. 
 
Industry Standards 
ISO 1563:1990(E) specifies the International Standard for dental alginate impression 
material, but makes no reference to dimensional accuracy or stability. It is not surprising 
then, that little comparative information on the dimensional stability of alginates is 
available. ISO 4823:1992(E), the International Standard for dental elastomeric 
impression materials, does specify a requirement for dimensional accuracy and stability 
up to 24 hours (linear change must be less than 1.5%), and sets a method for their 
determination, which was used in this study. The American Dental Association 
Specification No. 19 specifies an identical method to the International Standard, but 
requires materials to exhibit less than 0.4% linear change after 24 hours. Dental 
elastomeric impression materials, in Australia, are deemed to be clinically acceptable if 
they exhibit a maximum linear dimensional change of 0.1% after 24 hours (Peppit & 
Earnshaw 1981). The addition cured polyvinylsilicone impression material used as a 
base reference (calibration) in a pilot study for this exercise, easily complied, and 
continued to comply, up to seven days after set (0.08% contraction). Therefore, 
whenever impressions for fixed prosthodontics need to be stored for more than a few 
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hours, the elastomers will be selected for their stability, despite their other 
disadvantages (hydrophobicity and cost). Unless poured within a few hours, alginates 
would generally not comply with these standards (Colemen 1979; Schleier et al. 2001). 
 
2.5.3 The Problem of Dimensional Instability 
Dental alginates, like all hydrocolloids, tend to distort with time (Figure 2.1), as they 
lose (by evaporation and syneresis) or gain (by imbibition) water, and thereby expand or 
contract (Phillips & Ito 1951; Hampson 1955; Miller 1975; Coleman et al. 1979). If an 
alginate dental impression expands or contracts, the particular prosthesis made on the 
model produced will not fit in the mouth. Even when stored under conditions of 100% 
humidity (to prevent dehydration), an alginate impression will still (more slowly) 
contract, indicating that processes other than dehydration, including polymerisation and 
syneresis (2.3) are involved. Theoretically then, an alginate dental impression should be 
poured immediately, before these factors can distort the impression. However, an 
unrelated rheologic factor, the “elastic deformation” of dental alginate, or the temporary 
distortion when it is withdrawn from undercuts, prevents immediate pour. This is 
because it takes time (10 minutes) for the deformed alginate to recover the original 
proportions of the impression before removal from the mouth (Phillips & Ito 1958, 
Anseth et al. 1996). Therefore, best results are obtained when dental alginate 
impressions are poured after 10 minutes, to avoid distortion from initial expansion and 
elastic deformation (Skinner & Pommes 1946), but before one hour, to avoid distortion 
from alginate contraction or expansion due to water movement and syneresis (Anseth et 
al. 1996). This aspect of dental alginate is a serious inconvenience to the busy dentist. It 
is increasingly common for dentists not to pour casts themselves, but to send 
impressions to commercial laboratories. Under these circumstances, a considerable 
delay could ensue between the removal of the impression from the mouth, and the 
eventual pouring of the model, and the search for more stable dental alginates is 
important. 
 
Of practical clinical interest from the point of view of possible imbibition, is that 
modern “accepted best practice” procedures require disinfection by immersion of dental 
impressions in water-based disinfectant in order to reduce the risk of transmitting 
communicable diseases to laboratory personnel. Fortunately, many workers (Johnson 
1998; Saito et al. 1998) have shown that, because the immersion times required to 
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achieve sterility are relatively short, the dimensional changes resulting from disinfection 
were insignificant (but, nevertheless, worth reducing). Also, mixing techniques 
(mechanical versus hand-mixing) have been investigated for their effect on dimensional 
stability, with results confirming there is no significant clinical difference (Koski 1977, 
Reisbick 1982). 
 
It would be useful for dentists to be aware of the relative dimensional stability of 
the many dental alginates on the market, to enable an informed choice when the most 
stable material is required. This study seeks to investigate a method for rapid 
measurement of dimensional stability, and then to compare and rank six locally 
available dental alginates for that property. 
 
2.5.4 Distortion 
Distortion (the result of dimensional instability) of dental impression materials is 
defined by Nicholls (1997) as "the relative movement of a single point, or groups of 
points, away from some originally specified reference position such that permanent 
deformation is apparent". Skinner and Pomes (1946) and Miller (1975), using a version 
of the “optical method” adapted for this study, made measurements between markers in 
material poured into a trough and stored in air, water and salt solutions, and in 100% 
relative humidity (RH). They used a metal trough lined with wax paper to contain the 
alginate, and embedded two markers 20 mm apart. Comparator microscopes were 
focused on the markers and dimensional changes were recorded from the time of 
setting. The specimens were housed in a chamber where the environment could be 
controlled and changed to introduce various liquids or change the humidity. Multiple 
trials were averaged over a 260-minute cycle. While the time-frame of observation was 
short compared to this study (four hours versus 100 hours) some insight was gained into 
the behaviour of dental alginates as it relates to distortion. The authors observed that a 
small initial expansion was recorded with all materials tested, followed by contraction 
where the storage humidity was less than 100%. Phillips and Ito (1951), Hampson 
(1955), and Morrant and Elphicke (1956) all studied distortion of dental hydrocolloids 
using different methods and obtained varied results, but confirmed initial expansion 
followed by contraction (Figure 2.1, page 9).  
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Linke et al. (1985) analysed the distortion in stone casts (used to make dentures) 
made from dental impression materials. They used a complicated three-dimensional 
(this study employs a simple linear, two-dimensional measurement) computer analysis 
system that measured total arch distortion. The results showed that different types of 
impression materials (including alginates, agars, polyvinyl-siloxanes) distorted in 
different ways and to different extents in different parts of the cast, so no overall 
comparison could be made. Significantly, in the important area of inter-abutment 
distortions, which affect the fit of bridges and dentures, the reversible (agar) 
hydrocolloid distorted least, and some of the alginates distorted less than the polyvinyl-
siloxane. The study confirmed that the two-dimensional test die method (as specified in 
the standard ISO 4823:1992E) is more convenient than, and just as relevant clinically 
as, the three-dimensional dental cast method. 
 
Eriksson et al. (1998) studied the suitability of alginates for crown impressions, 
finding them more than acceptable in terms of accuracy and dimensional stability when 
stored at 100% humidity for less than five hours. However, their laboratory conditions, 
especially increasing the water content of the mixed alginate (reduces tear strength and 
longer term stability) to overcome the flow (viscosity) problem with alginates, did not 
reflect practical clinical conditions, and the "bi-laminar" technique reported earlier 
(2.1.3), is more convenient. 
 
2.5.5 The Chemistry of Dimensional Stability 
Water Content  
There are no reported studies relating the chemistry of the water content of dental 
alginates to dimensional stability. It is likely (as seen with other hydrogels previously) 
that, as water is the major component of dental alginates, the way it is bound to the 
alginate matrix will be the key to research on improvements to dimensional stability. 
Studies reporting attempts to improve the dimensional stability of dental alginates by 
changing or adding to ingredient composition, are few, and are reported in Section 
2.4.7. 
 
Internal Changes 
Recently, Nuclear Magnetic Resonance (NMR) spectroscopy was used to investigate 
the environment of water molecules in the matrix of a commercial dental alginate 
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(Thomas & Fellows, 2004). The results suggested that structural changes occur after set, 
whereby there is an increase in the size of the voids in which free water is free to move, 
as the liquid domains dispersed in the alginate matrix gradually aggregates. The 
researchers concluded that these internal changes, which occur relatively rapidly even at 
100% RH, would affect stability. Brinker and Scherer (1999) showed that these same 
"aging" processes cause syneresis (and distortion) in gels, and that in some respects it 
could be said that syneresis is the result of gel distortion (contraction). They confirmed 
that continued polymerisation, coarsening, and phase transitions cause changes with 
time. Coarsening or "ripening" is a process of dissolution and re-precipitation, driven by 
differences in solubility between surfaces with different radii of curvature, resulting in 
smaller particles dissolving, while the solute precipitates into larger particles. The larger 
particles stiffen the framework of the gel, reducing shrinkage from drying. Aging may 
also involve other reactions, including hydrolysis and (reverse) re-esterification, which 
all contribute to both macro- and micro-syneresis (loss of pore fluids) and volume 
change (Larsen 1999).  
 
Dehydration 
It must always be remembered that with hydrogels (at ambient temperature), like dental 
alginates, the primary driving force for distortion is (physical) evaporation of water if 
the storage environment is less than 100% RH, and far outweighs any other (chemical) 
processes that might be occurring. For the purposes of this discussion, it is assumed that 
the storage environment is 100% RH, and that evaporation is not a factor. 
 
Gel Aging and Syneresis 
Hydrocolloids undergo an “aging” process that leads to a dramatic dimensional change 
associated with the shrinkage of the gel network. This process, called syneresis 
(discussed in 2.3), has been widely analysed in the case of inorganic gels, but few 
papers report on syneresis of organic polymer gels or the dental alginates. Millar (1975) 
was the first to scientifically study the effect of syneresis on the stability of dental 
alginates. Using an environment of 100% relative humidity (RH) he concluded that 
shrinkage of up to 1.28% after 24 hours must be from syneresis, as evaporation was 
eliminated. His samples were not confined (as they were in this study), and were free to 
contract to their full potential. While he did not actually measure the amount of exudate 
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produced, he observed that those alginates that visually appeared to have more exudate 
on their surface also gave the highest results for dimensional change after five hours. 
 
Miller described syneresis as a "drawing closer together of the polymer 
molecules, either by continued polymerization, or by mutual attraction (cross-linking) 
between H and OH groups on adjacent molecules (hydrogen bonding)", a description 
confirmed by modern researchers of hydrogels in general (Anseth et al., 1996). By this 
process the skeletal network of the gel contracts, forcing some of the intermicellar fluid 
(water with reaction products) out of the gel structure. This fluid appears on the 
impression surface as an exudate, and is a solution of the products of the setting 
reaction, including sodium sulphate. For the 10 alginates tested by Miller, the results for 
24-hour dimensional change ranged from 0.15% to 1.28%. Habu. et al. (1986) 
confirmed these conclusions in similar studies. A factor that might complicate the effect 
of syneresis, not mentioned in the few reports on alginate syneresis, is the re-absorption 
and imbibition of its products to cause expansion under different environmental 
conditions.  
 
The collection and comparative measurement of syneresis products might 
provide a convenient indicator of the potential dimensional stability of dental alginates. 
 
Expansion then Contraction 
The chemistry of dental alginate materials explains the apparent initial expansion, then 
contraction, observed by Skinner and Pomes (1947), and confirmed by many others (see 
Section 2.2 above). Cook (1986), at the Australian Dental Standards Laboratory, 
reviewed the chemistry, structure, and properties of dental alginates. He concluded that 
the calcium cross-links bridging the alginate chains in the set network appear to be 
labile. Although the process of bond interchange and continued polymerisation may be 
contributory mechanisms to contraction of alginates, bond rupture appears to be the 
primary mechanism. Increasing the alginate content can reduce bond rupture, and filler 
particle morphology also affects permanent set. Coleman et al. (1979), using practical 
reproduction of the oral environment, also found that initial expansion can be explained 
by the chemistry of alginate materials. The insoluble alginate produced is hydrophobic, 
and free water is trapped in the interstices between the insoluble and soluble matrix 
present at the end of setting. Filler particles also absorb moisture. Maximum expansion 
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equates to the attainment of equilibrium between the contraction due to calcium alginate 
formation, and expansion of potassium alginate due to imbibition. Thereafter, the 
contraction is due to the continued reaction of the soluble material with the insoluble 
gel, with dehydration also contributing at less than 100% humidity, and syneresis a 
factor with time-lapsed.  
 
It is known that alginates with a high mannuronic acid content are more resistant 
to syneresis, and therefore more stable (Anseth, 1996). The reaction is unable to 
continue to completion as available water is limited. 
 
Phase Transformations. 
It is postulated (Larsen 1999) that a phase transformation takes place as the polymer 
chains cluster together, creating regions of free liquid. A poor polymer solvent 
interaction makes phase separation easier during gelation, which favours syneresis. On 
the other hand, the mechanical origin of shrinkage or volumetric contraction lies in 
compressive stresses in the network associated with a negative pressure in the liquid, 
which arises when liquid evaporates from the gel. Volumetric contraction is not 
necessarily uniform, which is actually a logical consequence of non-uniform variation in 
the capillary pressure with position (Larsen, 1999). 
 
Continued Polymerization 
Polymerization is the increase in connectivity (cross-linking) of the gel network 
produced by condensation reactions (Equation 1, page 17), which continue for a long 
time after gel (aging). Cross-links are dependent on temperature, concentration of 
ingredients, and pH. By creating new bridging bonds, such reactions draw the polymer 
chains of the network closer together, resulting in contraction and distortion (Larsen 
1999). 
 
The Influence of Volume 
The rate of shrinkage during syneresis is slower for larger volumes of gel (Swartz et al. 
1957). The explanation given (Scherer 1986) is that, as the gel network contracts, it 
subjects the pore liquid to a compressive load that forces it out of the body. If the gel 
volume is small, the liquid escapes easily, but if it is large, a steep pressure gradient is 
required to drive the liquid to the surface. Scherer confirmed this hypothesis using 
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cylinders of silica gel. Studies on dental alginate impression distortion (Hampson, 1955; 
Coleman et al. 1979; Habu et al. 1986; Erikson et al. 1998) do not confirm this direct 
relationship, probably due to the asymmetric (non-cylindrical) shape of the impression. 
Also, while the rate of contraction of larger volumes may be slower, the total linear 
distortion with time may be greater.  
 
Rheological Issues 
Complicating the issue further is the observation by Scherer (1986) that as gels age (and 
become increasingly cross-linked) they become "stiffer", so the rate of syneresis 
decreases with time. Theoretically, this makes syneresis a self-retarding process. This 
aspect is not relevant for dental alginate impressions, as they are rendered unusable 
clinically when distortion exceeds 1.5% (which occurs very early in the aging process, 
well before self-retarding phenomena might apply). 
 
2.5.6 The Effect of the Impression Tray 
The effect of the expansion/contraction of a dental alginate impression on the distortion 
of the impression depends to a great extent on the tray contours and adhesion to the tray 
walls. Peutzfeldt and Asmussen (1988) found that the dimensional change of alginate 
impression material is different between free-standing and tray-supported samples, and 
that perforated trays produce the least distortion. They speculated that the peripheries of 
the alginate mass were locked into the walls of the tray, preventing contraction (Figure 
5.1).  
 
Other workers have shown that perforated trays produce the least distortion 
(Burton 1989; Mendez 1985; Rehberg 1977). Burton et al. (1989) studied the effects of 
different tray types on different impressions materials, and, interestingly, concluded that 
the combination reversible/irreversible (agar/alginate) impressions suffered the least 
distortion when disposable plastic trays (inexpensive) were used.  
 
Due to the influence of tray design on impression stability, the method specified 
in ISO 4823:1992(E) was modified by Sahu-Kahn (1995) to incorporate a rigid 
perforated tray attached to a loading device, and a metal test block that allowed 
measurements in two directions. This system was adopted in this study. 
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2.6 Summary 
This literature review has presented an outline of the fundamental chemistry and 
properties of hydrocolloids in general, and dental alginates3 in particular. The concept of 
dimensional stability as it applies to the everyday use of alginate impression materials in 
dental practice has been discussed in detail. As dental alginates are hydrocolloids, the 
importance of water content was covered in greater detail. 
 
Arising from the review, it seems that there is a need to further study the 
dimensional stability of dental alginates with a view to developing more stable 
materials. Moreover, there is a need for alternative methods to measure dimensional 
stability, as current optical methods of measurement are cumbersome and time-
consuming. 
 
The next section of the literature review (Chapter 3) will discuss the 
fundamentals of thermal analysis, as they relate to the study of polymers in general, and 
hydrocolloids in particular, and suggest that dimensional stability of dental alginates 
might be better measured using thermal analysis techniques. 
 
                                                          
3Distortion from Undercuts 
A factor not investigated in this study is the problem of distortion of alginate removed from undercuts (permanent 
deformation), studied by Wada (1992). He found significant dimensional change of hydrocolloids compared to 
silicones, especially where undercuts occurred in adjacent teeth. This factor is important when proposing alginate as a 
potential removable prosthodontic impression material. Dounis (1991) scientifically confirmed the observation of the 
problem of accuracy of complete-arch (cross-arch) hydrocolloid impressions, compared to elastomeric impressions. 
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Chapter 3 
 
Fundamentals of Thermal Analysis 
 
 
3.1 Definitions and Background 
The currently accepted definition of thermal analysis, as provided by Mackenzie (1979) 
and the International Confederation for Thermal Analysis (ICTA) is: "A group of 
techniques in which a physical property of a substance and/or its reaction products is 
measured as a function of temperature whilst the substance is subjected to a controlled 
temperature program." Thermal analysis is the measurement of changes in chemical or 
physical properties of a sample as a function of temperature. The French scientist H. Le 
Chatelier is credited with the discovery of thermal analysis in 1887, when he studied the 
decomposition of clays using heat.  
 
Thermal analysis is used as an analytical tool to measure many chemical events 
including: thermal decomposition of solids and liquids; solid-solid and solid-gas 
reactions; material specification, purity, and identification; inorganic solid material 
adsorption; and phase transitions. This information can be used to characterise 
polymers, organic or inorganic chemicals, metals or other common classes of materials 
(Wendlandt, 1986). The properties that can be measured, and the techniques for 
measuring those properties, are listed in Table 3.1. 
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Table 3.1. Physical properties measured in thermal analysis. 
Physical Property        Derived techniques           Abbreviation 
 
Mass   Thermal gravimetric analysis  TGA 
 
Temperature  Differential thermal analysis  DTA 
 
Enthalpy  Differential scanning calorimetry  DSC 
 
Dimensions  Thermodilatometry 
 
Mechanical  Thermomechanical analysis  TMA 
______________________________________________________________________ 
 
 
This study will investigate the properties of mass (using TGA) and enthalpy 
(using DSC) of dental alginate impression materials, as they relate to thermal stability 
and dimensional stability, with a particular interest in dehydration and thermal 
decomposition as indicators of dimensional stability. 
 
 
3.2 Thermal Analysis Instruments 
All thermal analysis instruments have four basic functional components: a furnace to 
heat the sample; a thermocouple to record temperature; a programmer to control the rate 
of heat application; and a recorder to register changes to the variable being studied. For 
TGA the variable is mass, and for DSC, enthalpy (energy released of consumed by a 
reaction or process). The principles and applications of thermal analysis instruments are 
well documented in many texts (Wendlandt, 1986). 
 
 
3.3 Thermal Analysis Terminology 
Thermal analysis instruments measure changes in samples as they are heated, and 
usually display the results in the form of a curve called a thermograph (Figure 3.1). The 
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following terms are used in this study to describe various aspects of the curves 
(Wendlandt, 1986). 
 
Baseline and Peak 
A baseline represents portions of a curve where the instrument is not recording a change 
(for example, for the DSC, differential heat flow is approximately zero, or, for the TGA, 
there is no weight change). A peak is the part of a curve that rises (or falls) above (or 
below), then returns to the baseline, due to the sample radiating off or absorbing heat (as 
for DSC), or loss or gain in weight (TGA). 
 
Endothermic Peak (DSC) 
An endothermic peak drops below the baseline, and represents a point  (phase) where 
the sample temperature is less than the reference, that is, it is absorbing heat, and 
therefore the heat flow to the sample must increase to maintain equilibrium. Examples 
include melting, dehydration, dissociation, and decomposition (degradation). 
 
Exothermic Peak (DSC) 
An exothermic peak rises above the baseline and represents a sample radiating heat (for 
example, crystallisation). 
 
Total Enthalpy Change (DSC)  
The area under (within) a peak, and representing the total energy required (or produced) 
for a reaction. 
 
Peaks 
Peaks above the baseline are due to exothermic reactions, below baseline records 
endothermic reactions. Narrow endothermic peaks are usually due to melting or fusion. 
Wide endothermic peaks are usually due to decomposition or disassociation. The width 
of a peak is determined by the rate of heating, and the wide peak of decomposition can 
be made narrower by increasing the heating rate, as was done in this study. Exothermic 
peaks are usually due to phase changes. The number, position and shape of the various 
peaks may be used as a means of qualitative identification of a substance. The area 
under a curve can be used to assess the heat of reaction. 
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Figure 3.1. A diagram to illustrate features that might be found on a thermograph 
(Wendlandt 1986). 
 
 
3.4 Thermal Gravimetric Analysis 
3.4.1 Introduction 
Thermal Gravimetric Analysis (TGA) measures weight loss as a function of temperature 
(dynamic) or time (isothermal). It measures residual weight (weight remaining) both as 
a direct measurement, and as a percentage of the original weight (derivative). TGA is 
useful for measuring dehydration, and will be used in this study to measure the 
dehydration behaviour of dental alginates. In conventional thermogravimetry, the mass 
of a sample, m, is continuously recorded as a function of temperature, “T”, or time, “t”, 
and a differential recording measures the rate of change (of the weight of the sample). 
To yield useful information, the sample must evolve a volatile product (for example, 
water, as in this study), and identical thermobalances must be used to produce useful 
comparative data. 
 
Reactions are characterised by: 
- TI = initial temperature or procedural dehydration temperature (PDT). 
- Tf = final temperature 
- Tf-- TI  = reaction interval 
Isothermal verses Dynamic Thermogravimetric Analysis. 
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Studies can be isothermal, where the temperature is kept constant, and the reaction is 
observed over time, or dynamic, where the temperature is uniformly increased over 
time, and the reaction is observed for increases in temperature. Both systems will be 
used in this study. In this case, isothermal conditions best represent the clinical 
environment, but are time-consuming. Dynamic conditions accelerate the dehydration 
process, and are more convenient for the researcher. It should (and will) first be shown 
that the dynamic conditions represent only accelerated isothermal conditions, and do not 
stimulate other reactions. 
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Figure 3.2. Typical TGA single-phase curves produced from the initial trials testing 
dental alginates using TGA in isothermal mode. The "x" axis is time, and the "y" is 
residual weight as a percentage of the original weight. These curves represent five runs 
at 60oC for a sample of set dental alginate. 
 
Thermal Stability 
Thermal stability is a general term indicating the ability of a sample to maintain its 
properties on heating (Wendlandt, 1986). This study investigated the relationship 
between the thermal stability and dimensional stability of dental alginates, and it was 
postulated that thermal stability would be a proportional indicator of dimensional 
stability. From a practical point of view, thermal stability needs to be considered in 
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terms of the environment of the material, and the functions it has to perform. The 
thermobalance (of the TGA) is a useful technique for studying the ability of a substance 
to maintain its mass under a variety of conditions. 
 
Factors Affecting TGA Results 
As with any instrumental technique, with thermogravimetry, there are a large number of 
factors that affect experimental results, and more so due to the dynamic nature of 
temperature change of the sample. Duval (1964) discussed in detail the precautions 
involved in using a thermobalance. Basically, the factors that can influence the mass-
change curve fall into the following categories: 
 
Instrumental 
a. Heating Rate 
b. Recording Speed 
c. Atmosphere 
d. Sample Holder 
e. Sensitivity 
 
Sample 
a. Mass 
b. Evolved Gases 
c. Particle Size 
d. Heat of Reaction 
e. Packing 
f. Thermal Conductivity 
 
In this study, all factors were identical and constant for each series of 
experiments. 
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3.4.2 General Considerations Relevant to this Study 
Heating Rate  
Decomposition is greater (more complete) at lower heating rates, especially for 
exothermic reactions (where sample temperature may rise above oven temperature). 
Where successive reactions are involved, they may not be separated at higher rates. The 
smaller the sample, the less effect higher rates will have. High rates will "push" all 
peaks to the right (higher temperatures) as the instrument takes longer to detect change. 
 
Recording Speed (Tick Interval)  
Higher rates flatten curves (minimises differing rates of mass loss). 
 
Furnace Atmosphere 
Various gases (or vacuum) effect rates of reactions. Purge gases increase the rates of 
reactions with evolved gases. The effect of water vapour (relative humidity) in the 
furnace has been widely studied (Simmons & Newkirk, 1964). Humidity effects water 
mobility, as well as "recoil" and "re-impact" phenomena (water molecules leaving or 
hitting the sample cause apparent mass changes). In this study, the furnace environment 
was kept moist with a humidifier to best simulate the clinical environment. 
 
Sample Holder 
The geometry and material type affect results, and the holder should not react with the 
sample. The standard laboratory aluminium pan was used successfully in this study. 
 
Sample Packing 
The distribution of the sample affects results, for example, thin, even distribution in the 
sample pan produces faster dehydration reaction than a heaped-up arrangement. 
 
Sample Mass 
The sample mass affects the time of completion of various reactions, usually the smaller 
the sample the more definitive the results. 
 
Particle Size 
Larger particles take longer to decompose. 
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Miscellaneous 
Results may be affected by heat of reaction (causing sample temperature to lead or lag), 
and solubility of gases in solids (difficult to measure and generally unknown). 
 
Sources of Error in Thermogravimetry 
The sources of error in thermogravimetry can lead to considerable inaccuracies in the 
temperature/mass-change data obtained, and recognition of their magnitude needs to be 
made. Possible sources of error that may affect this study include; sample-container air 
buoyancy; furnace convection currents and turbulence; random fluctuation in the 
recording mechanism; environment of the thermobalance; temperature measurement 
and calibration; and temperature fluctuations. Most of these sources of error are 
constant and/or insignificant (for each sample) and beyond control in this study, and do 
not need detailed discussion. 
 
Furnace Convection Currents and Turbulence 
The apparent mass-gain or mass-loss due to convection currents in the furnace has been 
studied by Newkirk (1960). The apparent mass-loss caused by the up-flowing stream of 
purge gas on the sample container, and mass-gain due to turbulent flow, are determined 
largely by the size and shape of the sample holder. In this study, while the sample 
holder was constant, it was likely there was a variation in flow rates of purge gases due 
to the need to set flow rates by hand, and the variation in the container cylinder head 
pressure (if cylinders were full or near empty). In this study, the resulting error 
(variation from one sample to another) was small. 
 
Temperature Measurement 
The temperature of a sample is taken by a thermocouple located just above the sample. 
The relative/comparative sample temperature will either lead or lag behind a baseline 
temperature, depending on the variation in location of the thermocouple in the furnace, 
relative to the sample. The magnitude of this difference depends on the nature of the 
reaction (endo or exothermic), the heating rate, the sample thermal conductivity, the 
geometry of the sample holder, and so on (Newkirk, 1960). In this study, as the TGA 
instrument was a general-purpose instrument with heavy use in a student lab, and as the 
researcher used the instrument sporadically, the relative error between experimental 
sessions had the potential to be significant. Study of the results of ten samples of the 
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same alginate with a 10oC/min ramp over a six-month period revealed a ± 2oC variation 
from the mean. When the five results with the greatest variation were discarded, the 
variation became ± 0.5oC, which was considered acceptable for this study. This 
(discard) procedure is common in thermogravimetric studies (Newkirk, 1960). This 
source of error could, of course, be significantly reduced, by conducting all the 
experiments on the same day without outside interference. Due to the experimental 
time-frame for each sample (more than one hour, and up to twenty-four hours), this was 
not possible. 
 
3.4.3 Derivative Thermogravimetry (DTG) 
In conventional (integral or TG) thermogravimetry, the mass of a sample, 
  m, is continuously recorded as a function of temperature,T, or time,t, 
m = f(T or t). 
 
In derivative thermography, the rate of mass change is recorded, and calculations 
of kinetic data from a TG curve are based on the formal equation (Wendlandt 1986): 
- dX = kXn - d t 
where X is the mass of sample, n is the order of reaction, and k is the specific rate 
constant which will be a function of temperature (T): 
k = Ae-E/RT 
where A is the pre-exponential factor, E is activation energy, R is the gas law constant. 
 
In derivative (DTG) thermogravimetry, mass-change with regard to time, dm/dt, 
is recorded as a function of time (t) or temperature (T), or 
dm  = f(T or t) 
dt 
 
or with respect to temperature 
dm = f(T or t) 
dT 
 
In either case the resulting curve is the first derivative of the mass-change curve, 
where a series of peaks is obtained instead of the stepwise curves. The areas under the 
peaks are proportional to the mass-change of the sample. A maximum (peak) in the 
DTG curve is obtained when the TG curve has an inflection point where mass is being 
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lost most rapidly (De Keyser, 1953). A comparison between a conventional (a) and a 
derivative (b) mass-loss curve is presented in Figure 3.2. The TGA instrument (TGA 
2920) used in this study records and displays TG and DTG signals simultaneously. 
 
The advantages of DTG are (Dunn, 1983): 
 
1. more visually accessible, 
 
2. ready determination of temperature where mass change is a maximum, Tmax, 
 
3. area under curve is proportional to mass change, 
 
4. gives rate of mass change (height of peak), 
 
5. sample signature is visually emphasised ("fingerprinting"), 
 
6. separation of overlapping reactions. 
 
In this study, DTG will be used to readily identify Tmax of dental alginates as a 
"fingerprint" (or "signature") for comparison of thermal stability, and therefore 
(postulated), dimensional stability. In this case, Tmax represents the temperature (or time) 
at which the sample of dental alginate is dehydrating most rapidly, and may reflect 
relative thermal stability. 
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                   Curve (a) begins at near 100%.                        Curve (b) begins at near 50%. 
 
Figure 3.3. Comparison between (a) integral (TG) and (b) derivative (DTG) curves. 
The derivative curve has a Tmax of 97.04 oC. The graph is a direct printout from the 
experimental TGA computer. 
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3.4.4 Reaction Kinetics 
Isothermal 
Isothermal methods are simple, temperature-constant, time-elapsed procedures, which 
were employed in this study to simulate clinical conditions, (storing and impression in a 
sealed plastic bag with a few drops of water) then used to validate the more efficient 
dynamic methods. The dental alginates that resisted dehydration best were postulated as 
the more stable. 
 
Non-isothermal (Dynamic) Methods 
One dynamic mass-loss curve is the equivalent of many isothermal curves, and without 
sample-to-sample error, in that it tests the same sample at many different temperatures 
(Doyle, 1966). It should be pointed out, however, that TGA data are not absolutely 
definitive, and consequently, merely going through the motions of kinetic analysis can 
lead only to trivial parameters for mass-loss under a particular set of experimental 
conditions. "Empirical data treatments, no matter how augustly clothed in the trappings 
of kinetics, are still empirical, although admittedly on a higher level of sophistication" 
(Doyle, 1966). As a general rule, unless more additional evidence exists, definitive 
kinetic parameters cannot be derived. In the case of polymers (including hydrocolloids 
like alginate), there is usually not sufficient supporting evidence to warrant undertaking 
meaningful kinetic analysis, and therefore the results must be considered empirical. 
Such is the case for this study. 
 
Advantages of Dynamic Techniques 
Coats and Redfern (1963) outlined the advantages of analysis by dynamic methods over 
conventional isometric as fewer data are required; data are collected over an entire 
temperature range continuously; records reactions caused by temperature elevation, and; 
only a single sample is required (for the total temperature range). A decided 
disadvantage of dynamic methods is usually that the reaction mechanism cannot be 
determined, and hence the meaning of some reaction parameters is uncertain. Bagchi 
and Sen (1983) detailed the advantages of dynamic methods over isothermal as: 
 
1. no zero-time error, and it is therefore possible to determine onset temperature 
(To), of a reaction or process, 
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2. reduced or no initial heat-up phase is required (so the researcher doe not miss 
initial reactions as in isothermal), 
 
3. single rather than multiple samples. 
 
Calculations of kinetic data from a TG curve are based on the formal equation: 
dX/dt = kXn
 
where X is the mass of sample, n is the order of reaction, and k is a specific rate constant 
and dependent on temperature: 
k = Ae-E/RT
where A is the pre-exponential factor, E is activation energy, R is the gas law constant. 
 
On the basis of many experiments and theoretical considerations, Arnold et al. 
(1979) showed the TG curves are strongly influenced by experimental conditions, and 
hence the kinetic parameters calculated from these curves are fictitious and their 
determination uncertain. Therefore, in this TGA study, data analysis was confined to 
comparison of specific points on the curve, namely designated temperature or time, 
completion time or temperature, and peak derivative time or temperatures. 
 
Applications to Polymers 
Dental alginates are polymers dispersed in water they behave as polymers, and the 
application of thermal analysis is the same as for other polymers, including: 
 
• Comparisons of relative thermal stability 
• Effect of additives 
• Degradation kinetics 
• Direct quantitative analysis 
• Oxidation stability 
• Molecular structure by oxidative degradation 
 
Doyle (1966) introduced the terms "procedural decomposition temperature", 
"differential procedural decomposition temperature" and "integral procedural 
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decomposition temperature" as a precaution against regarding data as definitive, as 
results are highly dependent on the procedures adopted.  
 
Additives 
Additives such as plasticisers, are usually lower in thermal stability and can be 
separated out at lower temperatures. They form part of the polymer's thermal 
"signature". 
 
Polymer Blends and Copolymers 
Thermal stability of a copolymer falls between its homopolymers. Only at higher 
temperatures (in inert atmosphere) do residual hydrocarbon segments decompose. 
 
 
3.5 Differential Scanning Calorimetry (DSC) 
3.5.1 Introduction 
Differential Scanning Calorimetry (DSC) is an analytical technique in which the 
difference in heat flow between a sample and an inert reference is measured as a 
function of time and temperature, as both are subjected to a controlled environment of 
time, temperature, atmosphere and pressure. The DSC technique determines the 
temperature and heat flow associated with material transitions as a function of time and 
temperature. It also provides quantitative and qualitative data on endothermic (heat 
absorption) and exothermic (heat evolution) processes of materials during physical 
transitions that are caused by phase changes, melting, oxidation, and other heat-related 
changes. This information helps the scientist identify processing and end-use 
performance. 
 
There are three measured signals in DSC. The first is time; the second is heat 
flow that goes into, or is required to maintain the rate of temperature change, from the 
chromel-constantan pan in the DSC cell; and the third is temperature, which comes from 
the chromel-alumel thermocouple located beneath the sample. DSC will be used in this 
study to measure the decomposition behavior of dental alginates. It will be postulated 
that decomposition (peak) temperatures are indicators of dimensional stability. 
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3.5.2  DSC Thermal Events as Indicators of Molecular Changes 
Recently, various techniques used to study molecular structure have been combined 
with thermal analysis to determine the nature of the structural changes that accompany 
thermal events. Ungar (1990) was the first to combine X-ray diffraction and DSC 
(XDDSC) into the field of molecular and liquid crystals. Structural transformations, as 
revealed by changes in the diffraction patterns, can thereby be unambiguously 
correlated with thermal events such as endo- or exo- therms or changes in heat capacity.  
 
Table 3.2. Properties measurable with the DSC thermograph. 
Phenomena                                             Endothermic                       Exothermic 
 
Physical 
Crystalline transition   x   x 
Fusion     x 
Vaporisation    x 
Sublimation    x 
Adsorption       x 
Glass transition                               Change of baseline, no peaks 
Heat capacity transition                  Change of baseline, no peaks    
Chemical 
Dehydration    x 
Decomposition    x   x 
Oxidative degradation      x 
Solid-state reaction   x   x 
Combustion       x 
Polymerisation       x 
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Figure 3.4. Typical DSC curve from this study. The heating curve is unbroken, the 
cooling curve is broken. The endothermic point of the peak temperature curve (Tpd) is 
where maximum rate of decomposition occurs. Note the absence of an exothermic peak 
on the reverse (cooling) run, indicating that decomposition is irreversible. 
 
 
CHAPTER 3 Fundamentals of Thermal Analysis 
 
54
3.6 Structural Changes During Heating of Hydrogels 
3.6.1 Shrinkage 
The most obvious physical change when amorphous hydrogels are heated is shrinkage, 
which can be attributed mostly to desorption of physically absorbed water (which 
overwhelms natural thermal expansion). Some of the shrinkage is due to an increase in 
surface energy that results from desorption. Concurrent weight loss from the removal of 
organics, accelerated polymerisation, dehydroxylation, and structural relaxation also 
contribute to heating shrinkage (Orgaz & Rawson, 1986). Serp et al. (2002) heated 
calcium alginate beads from 25°C to 130°C for periods up to 30 minutes, and found 
several structural modifications, including shrinkage. Using cryo-scanning electron 
microscopy (cryo-SEM), they concluded the shrinkage was due to re-arrangement of the 
alginate chains within the beads, coupled with water loss.  
 
3.6.2 Higher Temperature Densification 
It is common for organics to be removed by endothermic carbonisation near 200°C, 
followed by exothermic oxidation between 300 and 400°C. Continued condensation 
(polymerisation) has surface and internal aspects, which contribute differently to 
shrinkage. Structural relaxation is a process whereby excess free volume is removed by 
diffusive motions of the network (Brinker & Scherer 1990). All of these processes 
contribute to densification ("stiffening") of the gel network. 
 
3.6.3 Sintering 
When temperatures become high enough, sintering occurs, in which the pores in a gel 
will collapse due to surface energy changes. In amorphous materials, transport of atoms 
occurs by viscous flow, and the process is called viscous sintering. The process 
eliminates the pores in the gel. In hydrogels, that area is enormous, so sintering can 
occur at very low temperatures. Sintering and densification are concurrent events. With 
hydrogels, complete densification can be achieved at lower temperatures with higher 
heating rates, as the process is driven by energy gained by the reduction in the surface 
area of the pores (Brinker & Scherer, 1990). 
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3.7 Applications of Thermal Analysis for Polymers 
Applications of TA (Thermal Analysis) for polymers include comparisons of their 
relative thermal stability; the effect of additives on thermal stability; moisture and 
additive contents; studies of degradation kinetics; oxidation stability; and many others. 
 
3.7.1 Classification by TA 
A number of methods have been used to classify polymers according to their thermal 
stability. As discussed by Fock (1968), classification is difficult because of the wide 
variety of possible thermal reactions at elevated temperatures. For example, the onset of 
decomposition may be the degradation of a side chain with the main polymer remaining 
intact; at some higher temperature, further decomposition could occur, resulting in 
drastic changes in the properties of the material. One substance may degrade completely 
in a single step, while a second may leave a residue under identical furnace conditions.  
 
3.7.2 Application of TA to Hydrocolloids. 
There have been no reported (specific) TA studies on dental alginates (Taira & Araki 
2002 analysed three commercial dental alginates with dynamic TGA, finding peaks at 
around 100oC, as part of a study on viscosity), but many on other hydrocolloids with 
similar structures, especially the starches (Donovan 1979; Eliasson 1980; Lund 1984; 
Shogren 1992; Stevens & Elton 1971; Bhaskar et al. 1998). Starch, like all hydrogels, is 
difficult to study as many possible reactions can occur, including: gelatinisation, 
melting, crystallisation, glass transition, phase changes, volume changes, molecular 
degradation, and motion of water. All of these thermal behaviours depend upon 
moisture content, and the water contained in hydrocolloids is not stable during heating 
(Bhaskar et al., 1998). 
 
Stevens and Elton (1971) first reported use of DSC to measure the heat of 
gelatinisation of starch (starch/water ratios of 1:2, similar to dental alginates). They 
found clear endothermic peaks between 54 and 73oC for different starches. Studies on 
glass transition temperatures (Tg) have results that varied widely. Some researchers 
have concluded Tg too difficult to measure because the enthalpy of transition is too 
weak, and most times it is masked by the gelatinisation endotherm (Maurice et al. 
1985). Such was the case in this study as well. Most studies on starches have been 
focused on observing gelatinisation (Wootton 1980), glass transition (Chinachoti 1996; 
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Maurice 1985; Slade 1987; Van Soest 1996; Zeleznak 1997) and crystallisation 
(Biliaeris, 1985; Ring 1987).  
 
However, the reported results are not consistent and are sometimes controversial 
because of the complexity of the thermal behaviour of starches and differing 
measurement conditions.  
 
Notwithstanding the above, it seems that starch has a clear endothermic peak 
between 54 and 73oC, which has been designated the gelatinisation temperature, and 
another endotherm for melting between 190 and 200oC. Results for measurement of 
glass transition temperature vary considerably (over a 100oC range).  
 
Baezaa et al. (2003) used DSC to study the effect of the addition of propylene 
glycol alginate on the denaturation temperature Td (thermal stability) of certain gels in 
food. Interestingly, the alginate derivative increased the thermal stability of the gel, and 
also lowered dehydration rates.  
 
It should be possible to use similar techniques to search for additive stabilising 
substances for dental alginates, with changes to “peak temperature of decomposition” 
(Tpd) similarly indicating changes to dimensional stability. 
 
While it would be interesting to study the molecular changes accompanying the 
thermal events studied in this project, it was decided not to do so, as this exercise was 
focused on discovering thermal indicators of stability, rather than studying the processes 
that cause them. However, once the indicators (signatures) have been established, it 
would be logical to study the processes involved so that more stable alginates can be 
developed. 
 
3.7.3 TA and Water Content 
Many workers have used DSC to study the water content in hydrogels in the food 
industry, with a view to understanding stability. Li et al. (1998) studied water content 
and stability in starch. In their study the cooling cycle was used to investigate the bound 
(unfreezable) component of water in waxy cornstarch. They also used TGA to 
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determine the total and unbound water contents, and combined nuclear magnetic 
resonance (NMR) with DSC to study and explain the mobility of water starch.  
 
Bloor (1992) used DSC to confirm the presence of freezable water in a hydrated 
hydrocolloid dressing. Bhaskar (1998) used TGA and DSC to study the uptake of water 
by hydrocolloids (not including alginate, but including pectin). He used TGA to 
measure quantitative vaporisation and imbibition by percentage weight (as will be used 
in this study) and DSC exo- and endothermic transitions to determine specific enthalpy 
for freezing, melting and vaporisation.  
 
Such techniques could be applied to dental alginates to investigate the nature of 
water content, and would be the logical follow-on step from this project. While these 
(water content) values might be used as indicators of thermal stability, it is the 
temperature of decomposition (Tpd) that is the most obvious and simple measurement 
of stability, and will be used as a comparative measure in this study. 
 
 
3.8 Other Alginates 
The thermal stability of sodium alginate (as applied to wound dressings) was studied by 
Shah et al. (1996). Using DSC to determine characteristic decomposition temperatures, 
they found that the overall thermal stability of the different graft copolymers of sodium 
alginate was directly related to (for example, an indicator of) copolymer stability. Xi et 
al. (2000) studied the thermal decomposition of sodium alginate, reporting four stages: 
dehydration at 60 –170oC, dissociation (decomposition) into intermediates at 220-
2800C, further dissociation and partial carbonisation at 300-3700C, and formation of 
Na2O around 5600C. In this study, very similar results were obtained in the 60-1700C 
range with TGA, and the 220 – 280oC stage with DSC. The latter produced the 
“decomposition” peak that best facilitated the comparative studies. Said et al. (1994) 
studied the thermal decomposition of metallic alginates, concluding that the process 
involves the formation of metal oxalates as intermediate fragments. Simultaneously 
studying electrical conductance, they deduced that the decomposition of the 
intermediates was attributable to the “hopping” mechanism between the different 
valencies that exist during their thermolysis. 
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3.9 The Effect of Various Factors on Measured DSC Results 
Yu and Christie (2001) discussed the difficulties of measurement of thermal transitions 
of hydrocolloids (as they apply to starch) using DSC, under the following headings: 
 
Baseline Application 
Baseline subtraction has been widely used to compensate for slope and bend curves in 
DSC measurement. The use of baseline correction is particularly important for materials 
containing volatile substances, such as water, because the evaporation of water requires 
additional energy. This produces a bend in the DSC endotherm, with the curve sloping 
towards the direction of positive heat flow. If quantitative measurements are to be 
recorded for the substrate of the sample (of hydrocolloid), then the baseline for water 
needs to be subtracted in order to record the true values for the substrate. As this study 
is confined to a comparative analysis of very similar samples (of alginate), containing 
almost identical ratios of water, baseline subtraction was not considered necessary 
(Herbert Choiu, Technical Assistant, personal communication 2003). 
 
Sample Preparation 
Hydrocolloids, like most other polymeric materials, have poor thermal conductivity 
(Wendlandt, 1986). In order to improve conductivity, intimate contact with the sample 
pan is desirable. Usually, for polymers, the sample is heated to above its melting 
temperature (in the pan) so it flows, adapting to the pan, then is studied while cooling 
down or upon re-heating. Unfortunately this approach cannot be used with alginate 
because the "molten" product does not flow easily, and the thermal properties of 
hydrogels depend on their thermal history. Various physicochemical changes could 
occur during the initial heat phase, some of which are irreversible (and were proven so 
for the dental alginates tested using reverse cycle DSC). This problem was largely 
overcome (for comparative purposes), by creating sample "buttons" slightly taller (and 
narrower) than the pan dimensions. When the two halves of the pan were crimped 
together and sealed, the sample was pressed gently against the floor of the pan, 
undergoing slight plastic deformation to increase contact area and pressure. 
 
Pan Selection 
Pan selection is one of the key issues in the correct measurement of thermal behavior of 
hydrogels. The pan must be sealed to avoid moisture leakage, and made of light thermal 
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conducting material to allow maximum heat flow recordings. Using quality aluminium 
pans, Chinachoti (1996) measured the decomposition temperature in starch at about 
260oC, and set the benchmark for similar hydrocolloids. The alginates in this study 
decomposed between 200 and 2500C, using similar pans, and were considered reliable 
results. 
 
Methods of Adding Water 
There are several ways of adding water to hydrogels for DSC study. They variously 
involve adding water to powder in the pan, putting powder within the pan into high 
humidity environments, pre-mixing in a glass vial, and adding excess water then 
evaporating off to desired ratios. It was decided to mix the dental alginates according to 
manufacturers’ instructions, and thermal test a button of the set material, to most closely 
simulate the clinical application. 
 
Sample Mass 
There is a balance between sensitivity and resolution that is dependent on sample mass 
(Wendlandt, 1986). A larger sample mass will increase sensitivity but decrease 
resolution. Because transition enthalpies are lower for hydrogels, larger (3 – 5 mg) 
samples than are usual for polymeric substances are required. The increased mass will 
decrease resolution, which can result in peak broadening and overlapping. The poor 
thermal conductivity of most hydrogels also reduces the height of peaks. It was 
therefore decided that in this thesis, only the larger, more obvious peaks would be 
chosen for the comparative study. As expected (as for starch), pilot studies of 10 mg 
samples in aluminium pans showed that the DSC endothermic peak for decomposition 
was the most obvious and reproducible indicator for stability (Chinachoti, 1996). 
 
Heating Rate 
The DSC thermal response for macromolecules is a result of kinetic events, where the 
measured parameters are functions of the heating (or cooling) rate, as the relaxation of 
polymer chains is time-dependent. Also, polymers are poor thermal conductors. In 
practice, the most commonly used DSC heating rate for 10 mg samples in aluminium 
pans is 10oC per minute (Wendlandt, 1986), and was also chosen for this study. 
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3.10 Application to Dental Alginates 
3.10.1 Thermal Stability of Dental Alginates 
Thermal stability can be an indicator of dimensional stability (Wendlandt, 1986). There 
are no reported studies of the thermal analysis of dental alginates related to dimensional 
stability. Farahmand et al. (1996) used a combination of quantitative and qualitative 
measurements using a variety of techniques, including DSC, to measure some basic 
properties of dental alginates, but did not include dimensional stability. 
 
3.10.2 Measurement of Dimensional Stability with Thermal Analysis 
Current methods of measuring dimensional stability (as laid down in the industrial 
standard, ISO 1563:1990E) and described in Chapter 2 (2.4.1), are cumbersome and 
time-consuming. Future research into the dimensional stability of dental alginates will 
be facilitated if the rapid methods of current thermal analysis, as they apply to the 
assessment of thermal stability, can also be applied to dimensional stability. The various 
modern techniques used in thermal analysis have been discussed in this chapter, and 
experiments designed to apply them to the study of the dimensional stability of dental 
alginates, will be described in later chapters. This study will use thermal analysis to 
determine comparative relative thermal stabilities of dental alginates, which may be a 
reflection of their dimensional stability. The ability to rapidly assess relative 
dimensional stability using the techniques employed in this study may aid future studies 
on the role of water in hydrocolloids. It is likely that the study of water in dental 
alginates will be important in the development of more stable materials. 
 
TGA and DSC Thermal analysis have been used for the past ten years to 
investigate properties of many polymers, but few have included dental polymers. Only 
recently has thermal analysis been performed on silicone and polyether dental 
impression materials (Vickery et al. 2001) to investigate glass transitions and melting 
and crystallisation peaks. While thermal signatures have been established, no attempt 
was made to relate them to clinically relevant properties (such as stability). As the 
polymers in their study did not contain water, it was of little relevance to this study.  
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3.11 Summary 
The fundamentals of thermal analysis have been reviewed and related to polymers, 
hydrocolloids, and dental alginates. There are no reported studies on the thermal 
analysis of dental alginates, but the many studies on food hydrocolloids, especially 
starch, are examined, and they suggest that similar results may be obtained for dental 
alginates using standard techniques. Current dimensional stability measurement 
techniques are cumbersome and time- consuming, relying on direct optical 
measurement of samples after long storage times. The hypothesis "that the thermal 
stability of dental alginates is an indicator of comparative dimensional stability ", was 
proposed, and the possible advantages of the use of TGA and DSC to the study of this 
aspect of dental alginates have been discussed, and suggested as an improved alternative 
to current techniques. To clarify the different contributions of TGA and DSC to the 
study of dimensional stability, the former accelerates the dehydration process at 
relatively low temperatures to aid study of the natural clinical phenomena contributing 
to dimensional stability, while DSC goes beyond dehydration to decomposition at 
higher temperatures, and is a true measure of thermal stability, which may be an indirect 
(and more convenient) indicator of dimensional stability. 
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Chapter 4 
 
Aims and Objectives 
 
 
4.1 Introduction 
The combination agar-alginate (bi-laminate) impression has been shown by Eriksson et 
al. (1998) to be just as accurate as, more convenient than, and less expensive than, the 
elastomeric systems. As by far the major component by volume is dental alginate, these 
impression systems are also dimensionally unstable, and need to be poured within a few 
hours for maximum accuracy (Eriksson et al. 1998). As the alginate component 
contributes most to this instability, future research should focus on the dimensional 
stability of dental alginates.  
 
 It would be useful for dentists to know the relative dimensional stability of the 
dental alginates available. There is no requirement for the measurement of the 
dimensional stability of alginate dental impression materials in the International 
Standard, ISO 1563:1990(E). ISO 4823:1992(E) sets out a method to measure 
dimensional stability of the elastomeric impression materials, using traveling optical 
microscopes (the “optical method”), and this method will be adapted for the 
measurement of dental alginates in this study. While simple scientifically, the method is 
cumbersome and time-consuming. It would be useful to be able to determine and 
measure the stability potential of alginates using a faster and more convenient method. 
 
 Thermal analysis has been used extensively to study polymers, with the resulting 
"thermal signature" for each polymer deemed an indicator of their properties and 
behaviour, including stability (Wendlandt, 1986). These signatures have then been used 
to aid in comparative analysis. A literature review reveals no reports of thermal analysis 
studies on dental alginate impression materials. It may be that the determination of 
thermal signatures (thermal analysis) for dental alginates might be a faster and more 
convenient indicator of dimensional stability. Thermal signatures can be produced in 
less than half an hour, while optical analysis can take up to 100 hours. 
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 Therefore, the purpose of the present study was to adapt the optical and thermal 
methods for measurement of stability for dental alginates, then to obtain a set of results 
for six locally available materials, and compare them, to determine if there is a 
relationship between thermal stability and dimensional stability, and if thermal analysis 
can be used to more conveniently measure the relative dimensional stability of dental 
alginates. 
 
4.2 Aims 
1. The first primary aim of this project was to adapt ISO optical method for the 
measurement of elastomers to dental alginates, obtain a set of results for six 
locally available alginates, and rank the samples according to dimensional 
stability.  
 
2. The second primary aim was to adapt conventional methods of thermal analysis 
(TGA and DSC) to obtain the thermal signatures of the same six sample 
alginates, and determine a measurement that might be related to dimensional 
stability by comparing the relative results with those obtained by the optical 
method.  
 
3. If, as hypothesised, this comparison reveals a direct relationship, and thermal 
analysis can be used to rapidly measure dimensional stability of dental alginates, 
then a secondary goal is to use both methods to investigate the effect on alginate 
dimensional stability of a variable (that of changes to water/powder ratio), to not 
only investigate the effect of the variable, but to confirm or not that the optical 
and thermal methods are equivalent when it comes to the determination of the 
relative dimensional stability of dental alginates. 
 
4.3 Objectives and Experimental Approach 
1. Modify the optical method as laid down in the International Standard for 
Elastomers (ISO 4823:1992E) procedures by: 
 
(a) using a perforated tray to confine the setting alginate, and, 
(b) pouring the impression with die stone and measuring the model rather than the 
impression itself. 
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2. Measure the dimensional stability of six different locally available alginate 
impression materials, and obtain a comparative ranking of least stable to most 
stable. 
 
3. Adapt TGA thermal methods to obtain thermal signatures for dental alginates, 
determine a suitable measurement of thermal stability, and obtain results for the 
same six alginates to produce a similar comparative ranking for TGA thermal 
analysis. 
 
4. Adapt DSC thermal methods to obtain thermal signatures for dental alginates, 
determine a suitable measurement of thermal stability, and obtain results for the 
same six alginates to produce a similar comparative ranking for TGA thermal 
analysis. 
 
5. Employ statistical analysis to compare all of the results, evaluate the relationship 
between thermal analysis and dimensional stability, and determine the most 
appropriate thermal indicator of dimensional stability.  
 
6. Using the determined best thermal indicators, employ all described methods 
(optical, TGA and DSC) to measure any changes to thermal and dimensional 
stability after varying the water/powder ratio of the test samples by ± 10%. 
 
7. Employ statistical analysis of the results to determine if variations to 
water/powder affect dimensional and thermal stability, if changes to thermal 
stability are proportional to dimensional stability, and confirm or otherwise that 
thermal analysis can be used to measure dimensional stability, and decide which 
of the thermal indicators is the most appropriate.  
 
4.4 Summary 
It has been postulated that: 
 
1. the optical method can be adapted to measure the dimensional stability of dental 
alginate impression materials,  
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2. thermal stability and dimensional stability of dental alginates are directly 
proportional, and, 
 
3. thermal analysis is an accurate indicator, and a more convenient method, of 
measurement of the dimensional stability of dental alginates. 
 
 The available evidence for and against these hypotheses has been presented, and 
a series of experiments designed to determine the validity of the arguments. It will be 
shown that: 
 
• dental alginates can be ranked according to dimensional stability, 
•  thermal analysis methods are an accurate and convenient measure of the relative 
dimensional stability of dental alginates, and, 
•  changes to the water/powder ration affect dimensional stability. 
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Chapter 5 
 
Dimensional Stability of Dental Alginates 
 
 
5.1 Introduction 
It is important that a dental alginate impression material has good dimensional stability 
and can maintain its accuracy over time, up to 100 hours if necessary. This topic has 
been discussed in depth previously, but briefly, dimensional stability, as it applies to 
dental alginate impressions, can be conceptualised as the resistance to relative change of 
accuracy with time. Implied in this concept is the notion of distortion, whereby any 
dimensional change within an impression is transferred to the resulting cast (or model of 
the patient’s mouth) and translated as a distortion. Such distortions, if greater than 1.5% 
(as stated by ISO 4823:1992 E for elastomers), will have catastrophic consequences, as 
any rigid prosthetic appliance (such as a bridge or denture) fabricated on a distorted 
cast, will not fit the patient.  
 
 As discussed previously (2.4.5), alginates tend to contract after setting, and 
when dental alginates are confined within a perforated tray (as in clinical practice) as in 
this study, a contraction of the test sample is actually measured as an expansion of the 
central measurement site. This occurs as the body of the impression is drawn towards 
the locked (into the perforations) peripheral material near the borders of the test tray. 
Thus, those aspects of the fitting surface of a proposed appliance that “straddle the 
midline” of the impression, will be drawn apart, and the subsequent cast will be 
distorted (Coleman et al. 1979). This is especially so for crown and bridgework, where 
less than a 0.4% distortion is desirable (Peppit & Earnshaw 1981; Ohsawa & Jorgensen 
1983) Figure 5.1 illustrates this behaviour. Conversely, the initial expansion (usually 
observed during the first hour) of a newly set dental alginate is measured as a 
contraction of the measuring site.  
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                                                        border of tray 
 
                                                             
                                                              time 
 
 
                 a   1 hr after set                                            b          b.   100 h 
 
Figure 5.1. Schematic representation of the effect of contraction of a dental alginate 
impression in a perforated tray, whereby the central aspects are pulled towards the tray 
peripheries, and increasing the distance between two teeth (the small circles) from 
initial set (a) to that at 100 hours (b). (Modified from Coleman et al. 1979.) 
 
 
 Where a dentist has a requirement to store an impression for more than 50 hours, 
it is essential that he/she be able to select the most stable dental alginate commercially 
available. The protocol for testing dental alginate impression materials is stipulated in 
the International Standard (ISO 1536:1990 E). The standard does not test dimensional 
accuracy or stability, and manufacturers are not required to list details of their products’ 
dimensional stability properties. The protocol as stipulated by the standard does not 
differentiate between “wet” and “dry” clinical procedures. Most dentists wash their 
impressions with water to remove saliva and syneresis products (which can interfere 
with the setting reaction of some dental stones) before pouring, but some studies have 
shown that a smoother surface (on the resulting cast) can be obtained by not washing 
(Eriksson et al. 1996). It was therefore decided to test both “wet” (wash) and “dry” (no 
wash) protocols. 
 
 There have been no comparative studies concerning the dimensional stability of 
dental alginate impression materials beyond 24 hours (Coleman et al., 1979). Thus, the 
aim of this series of experiments was to determine to what extent modern dental alginate 
materials retain their dimensional stability over storage times up to 100 hours, and if the 
wet or dry protocol makes a difference. Six commercially available dental alginates 
were tested (according to ISO 4823:1992 E guidelines) and the results analysed to 
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determine if modern dental alginates can retain accuracy over long storage times 
sufficient to comply with the international standards for elastomers (less than 1.5% 
distortion over 24 hours), and modern convention for fixed prosthodontics (less than 
0.4% distortion) (Peppitt & Earnshaw 1981). Also, the results were compared, and the 
alginates ranked according to their dimensional stability (most stable first). This ranking 
was used in later experiments to investigate the possibility of using thermal analysis to 
measure (comparative) dimensional stability.  
 
5.2 Materials and Methods 
5.2.1 Preparation 
Control 
Peppitt and Earnshaw (1981) made linear measurements following the American Dental 
Association Specification No 19 (1978), which where very similar to the current ISO 
4823:1992(E), to assess the dimensional changes of addition-cured silicone, 
condensation-cured silicone polyether and polysulphide impression materials. The 
addition-cured silicones showed less than 0.03% contraction 15 minutes after set, no 
greater than 0.1% after 24 hours, and remained unchanged after seven days. These 
findings were supported by subsequent studies by Ohsawa and Jorgensen (1983), and 
Finger and Ohsawa (1983). 
 
 Because the dimensional accuracy of addition-cured silicones is well 
documented, the material was considered ideal as a control (and comparison) to validate 
the method for the present study. The design of the experimental technique followed 
specifications of the ISO for elastomeric impression materials. It would be the goal of 
future research into improving the dimensional stability of dental alginate, to approach 
that achieved by the modern dental elastomers. 
 
International Standard 
In contrast to the International Standard for dental alginates, the standard for dental 
elastomeric impression materials (ISO 4823:1992 E) specifically lists a test for 
dimensional change. The testing environment should have a temperature of 23 ± 2oC 
and relative humidity (RH) of 50 ± 10%. The points to be measured are to be 25 mm 
apart and engraved in a test block, and the impression should be allowed to set in a 
water bath at 35 ± 1oC for three minutes, then at 23 ± 2oC, 50% RH, for 24 hours. 
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Linear dimensional change after 24 hours should be within the range 0 to 1.5%. Modern 
convention now accepts that, for best results, distortion should be less than 0.4% 
(Peppitt & Earnshaw, 1981). 
 
 These conditions will be followed in this study, except that the storage humidity 
will be 100%, the time of storage will be 50 and 100 hours, and the study will include 
impressions tested both wet (washed) and dry (no wash), to more closely simulate 
clinical conditions. 
 
Standard Grid Block (ISO) 
A 25 mm diameter circular stainless steel block with polished flat surface was milled 
with a cross-hair grid pattern according to the ISO standard (Figure 5.2). To speed up 
the measuring process (which is tedious with the traditional travelling microscope), only 
half the measuring grid was measured (actually 12.831 mm). This smaller distance was 
considered more appropriate, and related to the clinical situation of single crowns, 
which are less than 10 mm in diameter. 
  
Impression Taking Device 
The grid block was mounted in the base of an impression-taking jig (Figure 5.3) that 
enabled reproducible impressions in a perforated tray. 
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Figure 5.2. Schematic diagrams of the components of the test grid block. 
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Figure 5.3. Schematic diagram of the impression taking apparatus. 
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Alginate Mixing System 
The alginates were mixed according to manufacturers' instructions (see Table 5.1 for 
water/powder ratios), using a Mettler Balance to ± 0.05 mg to weigh both powder and 
water; a standard hand-mixing bowl and spatula (while automated mixing systems are 
available, by far the majority of dentists use the manual technique), and a digital timer. 
All alginates were mixed for 45 seconds, dispensed onto the surface of the grid block 
with a 10 gauge syringe (to prevent bubble formation), the jig cap lowered into place, 
and allowed to set until five minutes had expired from the start of mix. The impression 
was then separated with sharp, heavy downward force on the jig lever, to prevent 
distortion and separation of the alginate from tray perforations.   
 
Impression Trays 
The impression trays (rings) were made of rigid brass with 1.5 mm circular perforations 
at 2.0 mm intervals (Figure 5.2). 
 
Impression Storage 
After separation, the impression was washed (or not, for the “dry” series) with 
laboratory water (to remove syneresis products) and stored in a humidifier, a simple 
sealable plastic container, with 5 ml of laboratory water, at 23 ± 2oC, (to simulate 
normal dental surgery conditions) for the programmed length of time (one to 100 
hours). 
 
Stone Button 
After expiry of the programmed time, the impression was removed from the humidifier, 
washed in laboratory water, and lightly dried with a chip syringe to remove excess 
water for the “wet’ experiment, or poured as removed, for the “dry” experiments. Hard 
dental die stone (Fujirock) was mixed according to manufacturers’ instructions, vibrated 
into the impression to form a button 3 mm thick, and the poured impression returned to 
the humidifier to set for one hour. The button was then removed, washed, dried, and 
marked with the type of alginate and the time expired. 
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Travelling Microscope 
The buttons were mounted on the table of a travelling microscope (Beck of London) that 
measured to 0.001 mm. The same one half diameter section (which measured 12.381 
mm ± 0.001) was measured and recorded for all specimens. 
 
Calculation of Dimensional Change 
To calculate dimensional change (ISO 4823:1992 E), the difference between the 
reference distance (Rd = 12.381 mm) and the specimen distance (Sd), was divided by 
the reference distance, and multiplied by 100. This result is a percentage dimensional 
change relative to the reference distance, and is expressed as for equation (1). 
 
Dimensional Change = (Sd – Rd) x 100   (1)  
        Rd 
 
 
5.2.2 Protocol 
Introduction 
The objective of this series of experiments was to measure the dimensional change 
(contraction or expansion) of dental alginates with time at standard room temperature 
and 100% humidity. The purpose of Experiment 5.1 was to validate the impression-
taking and specimen-measuring protocol, to ensure results were reproducible. 
Measurements were taken of the buttons from five repeat impressions of one alginate 
(sample “A”) immediately after set, and at 50 and 100 hours, and the dimensional 
changes were calculated.  
 
Experiment 5.2 aimed to observe and compare the early storage behaviour (less 
than 10 hours) with that for samples that had been stored for 50 and 100 hours. 
Measurements were taken of the buttons from 10 repeat impressions of alginate “A” 
immediately after set, and at one-hour storage intervals up to 20 hours, then at 25, 50, 
and 100 hours. Again, dimensional change was calculated. The alginate “A” was chosen 
because the manufacturer claims its stability complies with the ISO for elastomers up to 
100 hours. 
 
In Experiment 5.3, impressions (five repeats) of six different types of dental 
alginate were stored at standard room temperature and 100% humidity, and measured at 
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intervals of 50 and 100 hours. The purpose of this experiment was to compare the 
results from the six alginates, and rank them according to the property of dimensional 
stability over longer storage times, with the most stable first. This ranking would then 
be used in subsequent experiments to test thermal analysis as a possible means of 
rapidly measuring and predicting dimensional stability. 
 
Experimental Procedure 
The experimental procedure was designed to reproduce as far as possible the conditions 
that exist in a dental surgery for the taking of alginate impressions. The constants were 
the mixing and storage conditions, the independent variable was the storage time, and 
the dependent variable was the dimensional change. 
 
The impression-taking “jig” (Figure 5.3) was readied before the alginate was 
mixed according to manufacturers’ instructions (see Table 5.1 for water/ powder ratios), 
and injected onto the test grid, slightly overfilling the tray. The jig was then lowered to 
secure the impression and placed in the water bath at 35 ± 2oC. After five minutes set 
(from start of mixing), the impression was removed from the test grid and placed in a 
sealed plastic bag (the “humidifier”) with 5 ml of water, and stored at room temperature 
for the selected time (0 – 100 hours). 
 
The impression was then washed (for the “wet” series) or not washed (for the 
“dry” series) and poured with dental stone to make a button, then, after a one-hour set 
time, was mounted on the travelling microscope, the test section of the grid measured 
and the distortion (percentage dimensional change) computed and recorded. 
 
Limitations 
Whilst the lab conditions were not perfect, in that the experiments were conducted in a 
shared student laboratory with multiple-use equipment, and the author was unable to 
control every environmental factor, this may not be problematic given that conditions 
would not be highly controlled in a clinical setting (that is, while not necessarily a 
pristine methodology in scientific terms, perhaps more valid in terms of clinical 
application). 
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5.2.3 Methods of Measurement 
Optical Microscope 
All previous studies have used "line of sight" travelling optical microscopes. While 
accurate to greater than 0.005 mm, the technique relies on the operators ability to set up 
the instrument’s illumination and “cross-hair” system to enable accurate alignment, then 
measurement. A more precise and reproducible (digital) method was desirable, and a 
"scanning laser digitizer" to evaluate dimensional accuracy of dental impression 
materials has been described (Quick et al., 1992). While the digitiser is accurate and 
virtually eliminates human error, it requires capital investment of the order of 
$US400,000.00 has high maintenance costs, is difficult to calibrate, and requires large 
computer capacity. Also, industry standards have not been set as yet. It was considered 
that, while the micrometer method has inherent errors, it does provide a sufficient level 
of accuracy and consistency for this study. The dental stone button was allowed to set 
for one hour before separating it from the impression, washing off the syneresis 
products, trimming the button to ensure a flat grid surface, securing the button to the 
microscope viewing table, and aligning squarely before setting up for reproducible 
measurement. 
 
Calculation of Dimensional Change 
Dimensional change is the percentage change relative to the original dimension, and is 
stated as percentage dimensional change, either expansion (+) or contraction (-). It was 
calculated according to equation (1). 
 
5.2.4 Statistical Analysis of Data 
Grid measurements are reported as a mean (of five measurements) ± one standard 
deviation (SD), together with 95% confidence intervals (95% CI). Assessment of the 
reproducibility of dimensional change over five samples of the one alginate (sample 
“A”) was quantified using the coefficient of variation (SD/mean; Experiment 5.1). For 
Experiment 5.2, with a larger sample size, measurement reliability was assessed using 
an intraclass correlation coefficient (ICC, two-way mixed effect model, single measure, 
consistency definition). A paired-samples t test was used to examine whether sample 
“A” (Kromopan 100) dimensional change differed significantly between 50 and 100 
hours.  
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Comparisons between the six different alginates were made using analysis of 
variance (ANOVA; Experiment 5.3). Repeated measures ANOVA was used to 
investigate whether the six alginates differed significantly in dimensional stability over 
time (group = alginate, time = 50 and 100 hours) and, for each of the six alginates 
separately, whether there was an interaction between preparation method (impression 
washed versus not washed before pour) and time (50 versus 100 hours). Pearson’s 
correlations were performed to assess the relationship between the recommended 
water/powder ratio and dimensional changes in Experiment 5.3. Alpha was set at 0.05 
for all analyses except where multiple comparisons necessitated use of a Bonferroni 
correction procedure. 
 
 
5.3 Results 
5.3.1 Experiment 5.1 - Dimensional Stability Validation at 50 and 100  
Hours 
This experiment aimed to test reproducibility of the protocol for measuring the 
dimensional stability behaviour of a modern dental alginate (sample “A”, Table 5.1) 
promoted by the manufacturer as having high stability up to 100 hours of storage. The 
protocol was repeated to produce 10 samples; five were measured at 50 and five at 100 
hours of storage and the mean percentage distortion computed for completeness, using 
equation (1). The results appear in Table 5.2. The coefficient of variation at both 50 and 
100 hours was 0.1%, indicating a very low relative dispersion across samples. 
 
In addition to being readily reproducible, the samples demonstrated high 
dimensional stability, with an average < 0.4% linear change (American Dental 
Association recommendation for maximal accepted linear change within 24 hours) from 
0 to 50 hours, and from 0 to 100 hours. The difference in measurements between 50 and 
100 hours was not statistically significant (paired-samples t test = -0.52, df = 4, p = 
0.629). 
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Table 5.1. Summary table of data from Experiment 5.1. Five repeat impressions of one 
alginate (sample “A”) poured at 50 and 100 hours after mix. Measurements are in mm, 
and the mean percentage distortion was computed using equation (1). 
 
 50 hours 100 hours 
Run 
number: 
Specimen 
Distance 
(mm) 
Dimensional 
Change 
(%) 
Specimen 
Distance 
(mm) 
Dimensional 
Change 
(%) 
1 12.399 0.15 12.432 0.41 
2 12.421 0.32 12.425 0.36 
3 12.422 0.33 12.403 0.18 
4 12.418 0.30 12.411 0.24 
5 12.421 0.32 12.433 0.42 
     
Mean 12.416 0.28 12.421 0.32 
SD .010 0.08 0.013 0.11 
95% CI* 12.404 -12.428 0.19 - 0.38 12.404 – 12.437 0.19 - 0.45 
      *Note: 95% CI = 95% confidence interval. 
 
5.3.2 Experiment 5.2 - Dimensional Stability of a High Stability 
Alginate at Hourly Intervals 
This experiment was an extension of Experiment 5.1, measuring the dimensional 
change behaviour of alginate “A” at hourly intervals, using data from five repeats.  The 
results show that sample “A”, after one hour’s set, maintained less than 0.4% distortion 
at hourly intervals up to 100 hours, and is especially stable (less than 0.1% distortion) 
up to 25 hours, and was most stable (0% distortion) at seven hours of storage.  
  
An intraclass correlation coefficient was run to examine reliability across the 
five repeats. High consistency was found, with an ICC of 0.956 (95% CI 0.912 - 0.982), 
which is considered statistically significant (F(15,60) = 109.22, p < 0.001). 
 
Figure 5.4. Graph of the dimensional change (%) of sample “A” from 0 (immediate 
pour) to 100 hours of storage at 100% humidity, using the “wet” protocol.  
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Table 5.2. Summary table from Experiment 5.2. Measurement of dimensional change (%) at one hour intervals of storage 
up to 100 hours for sample “A”. 
Hour 0 1 2 3 4 5 6 7
% change Mean -0.96 -0.07 0.09    0.01 0.08 0.08 0.07 -0.00 
                  SD  0.06  0.10 0.07    0.04 0.07 0.07 0.06   0.03 
                  95%CI* -1.04 to -0.88 -.19 to 0.05 -0.00 to 0.18 -.03 to 0.06 .00 to .17 -.01 to .16 -.00 to .13 -.04 to .04 
                  Minimum        -1.03 -0.21 0.00 -0.02 0.00 -0.02 0.00 - 0.02 
                  Maximum -0.86  0.01 0.17  0.06 0.16  0.14 0.15    0.05 
         
         Hour 8 9 10 15 20 25 50 100
% change Mean 0.01        0.03 0.04 0.06 0.08 0.10 0.28 0.32
                  SD 0.04        
        
        
        
0.03 0.04 0.01 0.05 0.07 0.08 0.11
                  95%CI* -.04 to .05 -.01 to .07 -.01 to .09 -.05 to .08 .02 to .14 .01 to 0.18 0.19 to 0.38 0.19 to 0.45 
                  Minimum -0.04 0.00 0.01 0.06 0.02 0.00 0.15 0.18
                  Maximum 0.06 0.06 0.10 0.08 0.14 0.17 0.33 0.42
 
   *Note: 95% CI = 95% confidence interval. 
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5.3.3  Experiment 5.3 - Dimensional Stability of Six Dental Alginates 
Six different brands of dental alginate (see Appendix A) were tested with the same 
protocol as for Experiment 5.1. There were two series of tests; the first was classified as 
“dry”, as the sample impressions were not washed before pouring with dental stone, and 
the second as “wet”, as the samples were washed before pour. 
 
Dry 
The alginates could be ranked according to dimensional stability (see Table 5.4 and 
Figure 5.5). The rankings at 50 hours differed from the rankings at 100 hours, with the 
exception of alginate “A”, which was the most stable at both time points. Alginates “B” 
and “D” were ranked less stable with time, whereas alginates “E” and “F” had a higher 
stability ranking at the second time point. The six alginates were statistically 
significantly different in dimensional stability both at 50 hours (F(5,24) = 83.74, p < 
.001) and 100 hours (F(5,24) = 138.02, p < 0.001). 
 
A repeated measures ANOVA was performed to examine whether the six 
materials differed in their dimensional change behaviour between 50 and 100 hours. 
This analysis demonstrated a significant difference between the alginates in the 
dimensional changes between 50 and 100 hours (F(5,24) = 70.78, p < 0.001). Paired-
samples t tests were then performed to see which of the alginates demonstrated 
significant changes over time. There was a significant change in dimensional stability 
between 50 and 100 hours for all alginates except C and F (see Table 5.5). 
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Table 5.3. Summary table of data from: Experiment 5.3. Dimensional stability of six 
dental alginates, dry. All samples were not washed after set or before pour. All figures 
are a percentage expansion of the samples compared to the reference grid. 
 
 
 % Dimensional Change 
at 50 hours 
Sample Mean SD 95% CI 
A 0.343 0.036 0.297 – 0.388 
B 0.448 0.037 0.402 – 0.493 
E 0.507 0.040 0.457 – 0.557 
C 0.577 0.057 0.506 – 0.648 
D 0.714 0.052 0.650 – 0.778 
F 0.848 0.043 0.795 – 0.902 
 % Dimensional Change 
at 100 hours 
 Mean SD 95% CI 
A 0.427 0.030 0.389 – 0.464 
E 0.567 0.032 0.527 – 0.607 
C 0.632 0.031 0.593 – 0.671 
F 0.914 0.028 0.880 – 0.949 
B 1.050 0.116 0.907 – 1.193 
D 1.166 0.042 1.114 – 1.218 
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Table 5.4. Results of paired t tests comparing dimensional stability at 50 and 100 hours. 
All samples were not washed after set and before pour.  
 
Sample t df p 
    
A -6.05 4 0.004 
B -13.39 4 0.000 
C -1.556 4 0.194 
D -16.96 4 0.000 
E -6.12 4 0.004 
F -2.44 4 0.072 
    
  Note: alpha set at p = 0.008 (0.05/6). 
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Figure 5.5. Graph of the dimensional change (%) of 6 alginates (dry). 
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The results were also tested for correlation with the specified water/powder 
ratio, and this was found to be positive, in that, generally, the higher the water content, 
the less stable was the sample (50 hours: r = 0.43, p = .018, n = 30; 100 hours: r = 0.50, 
p = .005, n = 30). The exception was sample “C”, which had the lowest water content, 
but was ranked fourth in stability. These data are summarised in Figures 5.6 and 5.7. 
 
Wet 
The relative rankings (most stable to least stable) were identical at both 50 and 100 
hours’ storage times for the wet protocol (see Table 5.6 and Figure 5.8). The six 
alginates were statistically significantly different in dimensional stability both at 50 
hours (F(5,24) = 42.40, p < 0.001) and 100 hours (F(5,24) = 56.61, p < 0.001). A 
repeated measures ANOVA was performed to examine whether the six materials 
differed in their dimensional change behaviour between 50 and 100 hours. This 
demonstrated a significant difference between the alginates in the dimensional changes 
between 50 and 100 hours (F(5,24) = 11.70, p < 0.001). 
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Figure 5.6. Graph of the dimensional change (%) at 50 hours of six alginates  
by the water/powder ratio (dry: Experiment 5.3). 
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Figure 5.7. Graph of the dimensional change (%) at 100 hours of six alginates  
by the water/powder ratio (dry: Experiment 5.3). 
 
 
Paired-samples t tests were then performed to see which of the alginates 
demonstrated significant changes over time. There was a significant change in 
dimensional stability between 50 and 100 hours for all alginates except for sample “A” 
(see Table 5.7). A correlation was run between data for 50 and 100 hours for n = 60 
(wet and dry), Pearson’s r = 0.65 and 0.55 and p <0.001 and 0.002 respectively, 
meaning that the comparative values at 50 hours are a good indication of comparative 
values at 100 hours, especially for the wet technique. 
 
Dimensional change was again correlated with the specified water/powder ratio.  
There was a significant positive correlation between water/powder ratio and 
dimensional change at 50 hours (r = 0.51, p = .004, n = 30), and at 100 hours (r = 0.68, 
p < .001, n = 30). As with the dry preparation, generally, the higher the water content, 
the less stable was the wet preparation sample. Indeed, the three samples with the 
highest water contents (D, E, F) were ranked the least stable at both 50 and 100 hours. 
The data are summarised in Figures 5.9 and 5.10. 
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Table 5.5. Summary table of data from: Experiment 5.3 Dimensional stability of six 
alginates, wet. All samples were washed after set and before pour. All figures are a 
percentage expansion of the samples compared to the reference grid. Note the 
maintenance of ranking of the samples from 50 to 100 hours. 
 
 
  
% Dimensional Change 
at 50 hours 
Sample Mean SD 95% CI 
 
A 
 
0.284 
 
0.079 
 
0.187 - 0.382 
B 0.322 0.051 0.259 - 0.384 
C 0.334 0.040 0.284 - 0.384 
D 0.334 0.040 0.284 - 0.384 
E 0.504 0.039 0.456 - 0.552 
F 0.667 0.046 0.611 - 0.724 
 
  
% Dimensional Change 
at 100 hours 
Sample Mean SD 95% CI 
 
A 
 
0.322 
 
0.107 
 
0.188 - 0.455 
B 0.551 0.066 0.468 - 0.633 
C 0.564 0.035 0.520 - 0.608 
D 0.771 0.038 0.723 - 0.818 
E 0.830 0.033 0.789 - 0.872 
F 0.887 0.067 0.804 - 0.970 
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Table 5.6. Results of paired t tests comparing dimensional stability at 50 and 100 hours. 
All samples were washed after set and before pour. 
 
Sample t df p 
    
A -0.52 4 0.629 
B      -11.01 4 0.000 
C -9.44 4 0.001 
D      -14.92 4 0.000 
E -14.23 4 0.000 
F  -5.67 4 0.005 
    
                       Note: alpha set at p = 0.008 (0.05/6). 
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Figure 5.8. Graph of the dimensional change (%) of six alginates washed (wet) at 50 
and 100 hours’ storage. 
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Figure 5.9. Graph of the dimensional change (%) at 50 hours of six alginates by the 
water/powder ratio (wet: Experiment 5.3). 
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Figure 5.10. Graph of the dimensional change (%) at 100 hours of six alginates by the 
water/powder ratio (wet: Experiment 5.3).
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Wet and Dry 
Finally, an analysis was run for each of the alginates separately to determine whether 
dry or wet preparation interacted with dimensional change between 50 and 100 hours. 
Repeated measures analyses were run, with the grouping factor as wet or dry 
preparation. All alginates showed a significant (p < .001) dimensional change between 
50 and 100 hours’ except for sample “A” (F(1,8) = 2.79, p = .133). There was a 
significant interaction between how the alginate changed over time and whether the 
preparation was wet or dry for all alginates (p < .05), except for samples “A” and “D”.  
These interactions are presented in Figures 5.11 to 5.16. 
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Figure 5.11. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “A”. 
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Figure 5.12. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “B”. 
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Figure 5.13. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “C”. 
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Figure 5.14. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “D”. 
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Figure 5.15. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “E”. 
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Figure 5.16. Graph of distortion with time between 50 hours and 100 hours of storage 
for Sample “F”. 
 
 
5.4 Discussion 
The results of these experiments show that the dimensional stability of dental alginates 
can be reliably measured, that different alginates produce different results so they can be 
ranked according to dimensional stability, and that washing the impressions before pour 
is advantageous (reduces distortion), so far as dimensional stability is concerned.  
 
The results of Experiment 2 (the hourly interval study) agreed with the many 
previous studies including Phillips & Ito (1951); Hampson (1955); Morrant & Elphicke 
(1956) on the early dimensional behaviour of dental alginates. The results are shown in 
Table 5.3 and Figure 5.4. 
 
The expansions noted (especially at higher storage times) were expected, are 
caused by the contraction of the alginate (due to continued polymerisation, dehydration, 
and syneresis) locked into the perforations of the test tray, and are explained in Chapter 
2 (2.4.5). The initial contractions (due to setting expansion, discussed in Chapter 2) 
were also expected, and confirm the advice from many authorities that dental alginates 
 
CHAPTER 5 Dimensional Stability of Dental Alginates 
92
should not be cast within the first hour for maximum accuracy (Skinner & Phillips, 
1982, Craig, 1997, Glenner, 2004).  
 
The differences in the degree of distortion between samples are probably due to 
a combination of many variables, including the water/powder ratio (see Table 5.1) and 
type and concentration of ingredients. This study confirmed that, generally speaking, 
alginates with a higher recommended water/powder ratio were less stable. 
Manufacturers probably tend to formulate their products with clinical performance (ease 
of usage) in mind, rather than dimensional stability, as traditionally alginates are poured 
up within a few hours. For example, it is this researcher’s experience that the most 
stable alginate of this study, sample “A”, when set, is very stiff and difficult to remove 
from the mouth, while the least stable, sample “F”, is more flexible and easy to remove. 
It will be noted that the water content for sample F is higher than for sample “A”.  This 
variable will be studied in more detail in Chapter 8. 
 
5.4.1 Dimensional Stability After Initial Set  
While this study focuses on longer term stability, a complete set of data (zero to 100 
hours storage) was obtained for sample “A” (Experiment 5.2), to test the experimental 
method, and to observe the behaviour of an alginate that was claimed by its 
manufacturer to be dimensionally stable up to 100 hours. The results were as predicted 
by the literature (Miller, 1975), with an initial small contraction (actual expansion of the 
unconfined specimen) up to one hour, then small expansion up to 25 hours of less than 
0.1%, then larger expansions to 50 hours and 100 hours (still less than 0.4%). Sample 
“A” was indeed very stable up to 25 hours, with performance equal to the elastomers, 
but it was not an entirely linear relationship.  
 
5.4.2 Alginate Dimensional Stability Ranking 
It is possible to rank alginates according to their 50 hour and/or 100 hour stability 
results, thus enabling the dentist to choose the alginate best suited to the anticipated 
storage time (see Tables 5.4 and 5.6, as well as 5.8 and 5.9).  All alginates retained their 
relative ranking from 50 to 100 hours for the “wet” protocol, but not necessarily when 
the “dry” protocol was used. A likely possible explanation for this finding is that the dry 
impressions dehydrated more rapidly than the wet, and the syneresis products retained 
on the surface reacted with either or both of the alginate surface or the setting stone. 
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 As predicted, all alginates lost dimensional accuracy with time after the initial 
equilibrium point (between initial expansion and subsequent contraction of set 
alginates) had been reached.  Sample “A” had the best results for both 50 and 100 hour 
storage times (both wet and dry), and was the only alginate tested with 50 and 100 hour 
accuracies that both complied with modern convention for elastomers (0.4%). The 50 
hour wet performances for samples B, C, and D also complied. All alginates 50 and 100 
hour accuracies using the wet technique complied with the current ISO standard for 
alginates of 1.5% maximum distortion. It would be logical to choose sample A when 
long storage times (greater than 50 hours) are anticipated.   
 
5.4.3 Observed Behaviour of the Samples Tested 
The extent of dimensional change from the baseline differed significantly between the 
six samples at both 50 and 100 hours, regardless of method of preparation (Figure 5.8 
summarises these changes). Additionally, the rate of change from 50 to 100 hours was 
unique for each of the six samples. Each of the samples differed in terms of the effect of 
preparation on the change in stability over time. For example, sample “A” is more stable 
with a wet preparation, sample “C” and “F” are more stable with a dry preparation, and 
“B”, “E”, and “D” are unstable regardless of preparation. Other observations included: 
 
a. Sample “A” remained relatively stable with time, regardless of the method of 
preparation (Figure 5.11). 
 
b. Sample “B” was relatively stable after 50 hours, both wet and dry, but lost 
stability rapidly to 100 hours, especially with the dry protocol (Figure 5.12). 
 
c. Sample “C” (the lowest water/powder ratio) performed well with the wet 
protocol to 50 hours, then lost stability to 100 hours, had average performance to 
50 hours with a dry protocol, but maintained this average performance to 100 
hours to be almost as stable as with the wet protocol at 100 hours (Figure 5.13). 
 
d. Sample “D” performed well under wet protocol to 50 hours, but lost stability 
rapidly to 100 hours. Under the dry protocol, stability was not good to 100 
hours, and became worse at the same rate as the wet results (Figure 5.14). 
 
CHAPTER 5 Dimensional Stability of Dental Alginates 
94
e. For sample “E”, performance was quite good to 50 hours under both protocols, 
then, surprisingly, it held stability better than any other sample under the dry 
protocol, but not under wet. This sample was therefore the best performer under 
the dry protocol (Figure 5.15). 
 
f. Sample “F” was a poor performer to 50 hours under both protocols, but 
maintained its (relatively poor) stability well to 100 hours, especially under dry 
protocol (Figure 5.16). 
 
Generally speaking, and especially for the wet technique, the results for the 50 
hour storage were an indicator of the 100 hour results, suggesting that 50 hour results 
could be used as an indicator for 100 hour relative dimensional stability. 
 
5.4.4. The Effect of Water / Powder Ratio 
Figures 5.6, 5.7, 5.9 and 5.10 show graphically the relationship between water/powder 
and dimensional stability. It would appear that, for all experimental protocols, the ideal 
water/powder for maximum dimensional stability over 50 hours or more would fall 
somewhere around 2.2. The effect of water/powder will be studied in more depth in 
Chapter 8. 
 
5.4.5 Selecting a Dental Alginate 
Dimensional stability is just one factor influencing the choice of a dental alginate, and 
may not necessarily be the most important. While this study shows sample “A” to be the 
most stable alginate tested, at the w/p recommended, it does not have ideal clinical 
properties, in that it is stiff (high modulus of elasticity) and difficult to remove from 
undercuts in a patient's mouth. The high modulus of elasticity may be related to its 
stability, as both may derive from a high level of cross-linking.  
 
These results confirm previous findings (Coleman et al. 1979; Eriksson et al. 
1998) that most alginates, if poured after one hour and within a few hours, are 
sufficiently accurate to comply with the recommended standards for dental elastomers. 
If it is possible to use an alginate impression within this time, the dentist will choose an 
alginate with the best clinical working properties (viscosity, setting time, elasticity) and 
need not consider dimensional stability. 
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Also, this study validates the use of the “bilaminar” (combination alginate/agar) 
technique for fixed prosthodontics in dentistry in that the alginate heavy body 
component of the impression fulfils the international standards for elastomers’ 
requirements for accuracy and dimensional stability, and, if impressions are poured 
before 50 hours’ storage (under humid conditions) have expired, then the four most 
stable (of the six tested) alginates listed in Table 5.6 can be selected. However, if an 
alginate impression must be stored for more than 100 hours’ then dimensional stability 
will be the most important consideration, and a high stability alginate such as sample 
“A” should be selected. As a general rule, it may be that good clinical properties are 
inversely related to dimensional stability, as the latter may depend on low water content, 
high alginate content, and high levels of cross-linking, while the former is best achieved 
with the opposite. These results then suggest the possibility of constructing a table to aid 
the dentist in selecting the best alginate (at least for the six tested in this study) for any 
particular combination of requirements for dimensional stability versus ease of clinical 
usage, and an example is seen in Table 5.9. For example, if a dentist needs good clinical 
properties (for example, he has to record undercuts for a denture), but will be unable to 
pour up the impression for upwards of 50 hours, he would chose sample “E” or “F”, but 
if the impression had to be stored for upwards of 100 hours, he would chose “C”, or if it 
will be poured within a few hours, then “F” would be chosen. Again, if a dentist was to 
use the bilaminar technique for a crown impression (no undercuts) where accuracy is 
paramount, but was unable to pour the impression before 50 hours of storage, then the 
choice would be emphatically “A” if there was a chance the delay might be closer to 
100 hours, but “A” or “B” if closer to 50 hours. 
 
Table 5.7. Table to aid selection of a dental alginate to fulfil various combinations of 
requirements for dimensional stability with ease of clinical use.  
  
immediate 
pour 50 hours 100 hours 
    
  All A A 
accuracy All B A 
  All C B 
    
  B D B 
clinical C D E E C 
  F F C 
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5.4.6 Measuring Dimensional Stability of Dental Alginates 
The method used to measure the dimensional stability in these experiments (as specified 
in the ISO), is cumbersome, time-consuming, and subject to human error.  There is a 
requirement to develop a more convenient method of testing alginates for dimensional 
stability. 
 
It is well known that the functional stability of many polymers is reflected by 
their thermal stability (stability with increase in temperature), which is determined by 
various thermal analysis techniques. The experiments devised in following chapters will 
investigate the relationship between the thermal stability and dimensional stability of 
dental alginates, using thermal analysis. 
 
 
5.4 Summary of Conclusions 
In summary, it has been shown that: 
 
• the dimensional stability of dental alginates can be reliably measured by the 
method recommended by the industry standard (ISO) for elastomers,  
• the method of preparation (washed or not), and the time elapsed before an 
impression is poured, affects the stability of dental alginates, and,  
• that alginates can be ranked according to their dimensional stability, for both wet 
and dry techniques, and for 50 and 100 hours of storage, 
• that alginates mixed with higher water/powder ratios tend to be less stable. 
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Chapter 6 
 
Thermal Gravimetric Analysis of Dental Alginates 
 
 
6.1 Introduction 
Anseth (see the literature review in Chapter 2) confirmed in 1995 that dental alginates 
distort as they dehydrate, and this loss of dimensional stability is proportional to the loss 
of water. Therefore, any system that can accelerate and measure dehydration 
conveniently should aid studies on the dimensional stability of dental alginates, and in 
particular help prove the hypothesis that resistance to dehydration is proportional to 
dimensional stability. 
 
As postulated, Thermal Gravimetric Analysis (TGA) measurements for thermal 
stability (Chapter 3) may be a convenient indicator of the comparative dimensional 
stability of dental alginates. The TGA technique records the maturation processes 
(including syneresis and dehydration) as weight loss of the set alginate samples, under 
static and accelerated conditions, and varying conditions of temperature and humidity, 
and enables rapid collection of multiple quantitative data. 
 
TGA has not previously been used to study the dimensional stability of dental 
alginates. TGA techniques were used in this series of experiments to investigate, via 
weight loss over time measurements, the dehydration behaviour of dental alginates. The 
resulting thermogravimetric curves of mass-change as a function of temperature and 
time provide a “thermal signature” unique to each different alginate, providing a 
measure of resistance to dehydration that may be an indicator of relative dimensional 
stability. 
 
As discussed in Chapter 3, the indicators of the TGA isothermal thermogram 
relating to thermal stability (and therefore possibly dimensional stability) are: 
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• the slow-down time (tS), the time taken to slow down to less than 2% change 
per minute, and, 
• termination time (tT), the time taken to achieve cessation of weight loss. 
 
The indicator for the TGA dynamic thermogram is: 
 
• peak derivative temperature (Td), the temperature at which the rate of weight 
loss is greatest.  
 
As dentists have been advised to store dental alginate impressions in a humid and cool 
environment (usually a sealed plastic bag with a few drops of water) to prevent 
dehydration, these experiments were run under “wet” (humid) and “dry” conditions, and 
variable temperatures, to confirm that the TGA could simulate clinical conditions, and 
(to confirm) that there is a need to store impressions in a humid and cool environment to 
maximise dimensional stability. 
 
For this TGA study then, it is postulated that thermal stability and dimensional 
stability are directly related to resistance to dehydration.  
 
The aim of this series of experiments was therefore to use isothermal TGA to 
investigate the dehydration behaviour of dental alginates under varying conditions of 
temperature and humidity (isothermal), and dynamic TGA as a comparative indicator of 
dimensional stability. The first series of four experiments was isothermal, and measured 
weight loss over time at a constant temperature within the range 25 – 85oC. The second 
series of three experiments was dynamic, and measured weight loss with increasing 
temperature (ramping) over the range 25 – 350oC, ramping at 10oC per minute. Testing 
of both gels and powder (dynamic only) for six different dental alginates was 
conducted. 
 
 Whilst isothermal TGA best simulates clinical conditions, and must be used for 
temperature and humidity studies, the process takes too long to be considered as a rapid 
indicator of alginate stability. Dynamic TGA accelerates the isothermal process, 
reducing test time to less than a half hour, and was used for the comparative studies on 
thermal and dimensional stability. 
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6.2 Materials and Methods 
6.2.1 Preparation 
Thermogravimetric Analyser 2950 
A Thermogravimetric Analyser (TGA) was accessed in the Key Centre for Polymer 
Colloids within the Department of Chemistry, Faculty of Science, University of Sydney 
(see Section 3.2 of Chapter 3). 
 
The instrument is a thermal-weight change analysis module, measuring amount 
(± 0.001 mg) and rate of weight change (± 0.01%), isothermally, as a function of time. 
The specifications are listed in Table 6.1. 
 
Wet and Dry Experiments 
As is usual for TGA, purge gas, consisting of 40% oxygen and 60% nitrogen, is fed into 
the oven chamber to purge (flush out) the gaseous by-products from any reaction that 
occurs during heating. To simulate clinical conditions in which a dental impression is 
stored in a “humidifier”, half of the experiments for each sample were run with a 
laboratory humidifier connected to the purge gas line to create near 100% relative 
humidity in the TGA oven. Thus, for each sample at the selected temperature, a series of 
“dry runs” (no humidifier connected) and “wet runs” (humidifier connected) was 
completed to allow comparison of results between simulated dry and wet storage. 
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Table 6.1. The specifications for the Thermal Gravimetric Analyser used in the 
isothermal and dynamic TGA experiments. 
 TGA 2950# Specifications 
 
Temperature Range                         25 oC to 1000 oC 
 
Thermocouple                                  Platinel II*
 
Heating Rate                                     0.1 to 100 oC min-1
 
Sample Pans                                     Platinum, 500 µL volume 
 
Weighing capacity                           1.0 gm 
 
Balance Measurement                       
                      
               Resolution                          0.1 µg 
 
               Accuracy                            < ± 0.1% 
 
               Range                                0.1 µg - 1000mg 
 
#TGA 2590 by TA Instruments UK. Developed by Dr Mike Reading of ICI Paints, UK 
*Platinel II made by Engelhard Industries.  
 
 
Humidifier 
The laboratory humidifier was a simple sealed beaker, half filled with laboratory water. 
It had a below-waterline inlet purge gas bubbling through water and collected by above-
waterline outlet that was connected (feeding into) to the purge gas inlet of the TGA for 
the wet experiments.  
 
Humidity Measuring Device 
A relative humidity measuring device was connected to the outlet of the humidifier. It 
provided a continuous measurement of the humidity of the purging gas during the 
experiments. The details of this system and its sensitivity are listed in Table 6.2. 
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Table 6.2. Specifications of the humidity measuring device* used in the TGA 
experiments. 
 
Operating temp.  -20 to +85oC 
 
Range    0 to 100% RH 
 
Sensor Type   Capacitive 
 
Sensory accuracy  ± 3% RH at 25o
 
Resolution   Better than 0.5% RH 
 
*Tinytag Plus Relative Humidity Detector by Gemini Data Loggers. UK. 
 
 
Alginate Sample Materials 
The sample alginates (6) used in these experiments were the same as those used in the 
Chapter 5 experiments. The manufacturers’ details and water/powder ratios are listed in 
Appendix A of Chapter 9. 
 
Digital Balance 
The sample alginate powder, as well as the laboratory water, was weighed with a 
laboratory digital balance4. 
 
Mixing System 
A standard dental mixing bowl and spatula were used to mix all samples. The alginate 
was mixed as per Experiment 5.1 in Chapter 5. 
 
Preparation of Specimen  
A special press made from a 2 mm sheet of Perspex, cut to the same dimensions as a 
laboratory specimen slide, with a 4 mm and a 1.5 mm diameter hole drilled through the 
                                                 
4Metteler Digital Balance model AE 260 Deltarange. 
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middle (separated by 10 mm) and placed between two laboratory glass slides, produced 
button-shaped samples that weighed 27 ± 1.50 mg that fitted conveniently into the 
sample pan of the TGA. The mixed alginate was injected into the mould of the press 
with a plastic syringe with a 20-gauge needle, and allowed to set for a total of five 
minutes (from the initial mix) under pressure. The glass slides on either side of the 
Perspex mould prevented any dehydration during set. After five minutes’ set the glass 
slides were separated and the sample was quickly (less than 10 seconds, to reduce 
dehydration before testing) removed from the mould with tweezers and placed on the 
sample pan and into the oven. 
 
6.2.2 Protocol 
Introduction 
The objectives of this series of experiments were to: 
 
• determine if the TGA is a suitable instrument to record the rate of weight loss 
(dehydration) of the alginate samples under isothermal and dynamic conditions. 
• determine if the recordings could be repeated. 
• determine if there is a relationship between increasing storage temperature and 
relative humidity, and rates of dehydration of dental alginate. 
• determine if there is a relationship between the dynamic TGA results and 
dimensional stability. 
 
Isothermal TGA 
The purpose of Experiment 6.1, a pilot study and a dry experiment, was to record 
continuously the weight of the sample at 40oC and ambient humidity, until the sample 
was stable (that is, not losing weight), produce a TGA isothermal thermogram, and 
determine the features that were to be used as points of measurement for the 
comparative studies. Three points on the thermograph were determined and assessed for 
reproducibility: 
 
• time to termination (tT), where the sample was stable and not losing weight 
(water), 
• time to slow down (tS), where the rate of weight loss (dehydration) started to 
slow (where the curve began to deviate from a straight line), 
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• time to reach midpoint (tMP), or the point at which half of the total weight loss 
had been reached, 
 
with a view to selecting the most reliable point of measurement for future experiments 
(and tS was determined as the most reliable). 
 
Experiment 6.2, a wet experiment, was designed to repeat Experiment 6.1 with 
the humidifier connected to give (near) 100% humidity to the oven environment. The 
purpose of Experiment 6.3, a dry experiment, was to record continuously the residual 
weight of the sample at 60oC and ambient humidity. Experiment 6.4, a wet experiment, 
was designed to repeat Experiment 6.3 with the humidifier connected to give (near) 
100% humidity. Experiment 6.5, a wet experiment, repeated Experiment 6.2 at storage 
temperatures of 25, 30, 35, 45, 50, 55, 65, 70, 75, 80, and 85oC. Thus these experiments 
were designed to select an appropriate point on the thermograph to measure, and then 
assess the effect on the thermal stability (weight loss) of temperature and humidity.  
 
Dynamic TGA 
Experiment 6.6, a dry experiment, was designed to test the thermal behaviour of a 
sample dental alginate under dynamic conditions, ramping at 10oC min-1 from 50 to 
350oC, to select a suitable measuring point on the thermograph (Tpd). Experiment 6.7 
repeated the protocol for Experiment 6.6 and was designed to test the thermal behaviour 
of six different dental alginates under dynamic conditions, ramping at 10oC min-1 from 
50 to 350oC, and measuring Td. Experiment 6.8 was designed to investigate the 
dynamic TGA thermogram of a dental alginate powder for peaks that might relate to 
dimensional stability. Experiment 6.9, a dry experiment based on parameters learned 
from Experiment 6.8, was designed to test the six alginate powders. The specifications 
of each experiment are summarised in Table 6.3. 
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Table 6.3. Summary of the specifications for the experiments using both isothermal and 
dynamic TGA. “Wet” signifies with humidifier attached to purge gas line, “Dry” is 
without. “tS” is time to slow down, “slope” (of the curve) is rate of dehydration, “Td” 
is peak temperature of dehydration, “Temp” is temperature in oC. 
Exp.No. Wet Dry Isotherm Dynamic Temp tS slope Td 
    
6.1  * * 40 * * 
6.2 * * 40 * * 
6.3  * * 60 * * 
6.4 * * 60 * * 
6.5 * * 25-85 * * 
6.6  * * ramp  * 
6.7  * * ramp  * 
6.8 
6.9 
Powder 
Powder 
* 
* 
* 
* 
ramp 
ramp 
 
 
 
Experimental Procedure 
The experimental procedure was designed to represent clinical conditions as close as 
possible. The dependent variables were considered to be the rate of weight loss of the 
sample, and various points on the thermograph, with the independent variables time, 
temperature and humidity. Calculation of the dependent variables would provide a 
means to assess the effect of the various conditions of storage, and compare the 
behaviour of dental alginates under accelerated maturation. 
 
The experimental procedure for TGA is detailed in Appendix B in Chapter 9 of 
the thesis. 
 
6.2.3 Methods of Measurement 
Thermogravimetric Analyser (TGA) 
The TGA 2950 is a thermal weight-change analysis instrument, used in conjunction 
with a thermal analysis controller and associated software, to make up a thermal 
analysis system. It operates on a null balance principle, whereby the horizontal balance 
arm is maintained by an optically actuated servo loop. Any sample weight loss or gain 
unbalances the arm, causing an error signal, which is nulled (and measured) by the 
control circuitry as it returns the balance to horizontal. Purging the balance chamber 
with oxygen and nitrogen gases at 40 and 60 mL/min respectively prevents back-
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diffusion of liberated gases. Heating rate and sample temperature are measured by the 
thermocouple located above the sample. 
 
6.2.4 Analysis of Data 
Continuous recordings of weight change are transferred automatically to hard disc on 
completion of each run. The data is then accessed through the data analysis programs of 
the computer controlling the TGA. The analysis process is detailed in Appendix C at the 
end of this thesis. 
 
Simple statistics were obtained from a commercial package5. Complex statistics 
were compiled with the aid of a statistician6. 
 
Several dependent variables were determined for the isothermal experiments, 
each relating to the point of “slow down” (tS) and “termination” (tT). “tS” was defined 
as a less than 2% change in residual weight loss from the previous measurement. “tT” 
was defined as a less than 0.1% change in residual weight loss from the previous 
measurement.  
 
Also to be determined was the rate of weight loss (dehydration), or “the slope of 
the curve”. 
 
The three dependent variables were: 
 
1. the time (in minutes) to reach tS and tT,  
 
2. the residual weight % at tS and tT,  
 
3. the maximum rate of dehydration (weight % min-1), defined as: 
 
100 – residual weight % at tS  
time to tS  
                                                 
5Microsoft Excel. 
6Ms Georgina Luscombe. Department of Obstetrics and Gynaecology, University of Sydney. 
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or the rate of dehydration, defined as: 
 
100 – residual weight % at tT  
time to tT.  
 
For Experiment 5 (isothermal, 25 – 85oC at 5oC intervals, wet), the relationship 
between TGA temperature and maximum rate of dehydration or dehydration rate was 
determined using Pearson’s correlations. 
 
Dynamic TGA Experiments 
Experiment 6.6 used the dynamic mode of the TGA to accelerate the thermal processes 
of a test alginate to validate the technique for dental alginates. The temperature of the 
TGA oven was raised 10 oC per minute (ramping) from 30 – 175oC. This experiment 
tested the reproducibility of results for the dynamic TGA of dental alginates by 
repeating the testing process 10 times for the same alginate, and measuring “Peak 
Derivative Temperature” (Td), the temperature at which the rate of weight loss 
(dehydration) was greatest, and represented by the peak of the derivative curve. 
Experiment 6.7 repeated the procedure in Experiment 6.6 for five other alginates, and 
the results for the six samples were compared and ranked for thermal stability. 
Experiment 6.8 repeated Experiment 6.6 for sample “A” dry powder only, and 
Experiment 6.9 tested all of the test samples. An example of a dynamic TGA 
thermograph is shown in Figure 6.4. An example of a TGA data sheet is shown in 
Appendix D, and a calculation sheet in Appendix E, at the end of this thesis. 
 
Peak Derivative Temperature 
Peak Derivative Temperature (Td) was chosen as the most appropriate point on the 
derivative curve as it was hypothesised it would represent an indicator of resistance to 
dehydration (the higher the temperature required to reach Td, the more resistant to 
dehydration), and therefore an indicator of dimensional stability. Therefore, if the 
hypothesis were to be proved, those samples with the higher values for dimensional 
stability (from Chapter 5) would also have the higher values for Td.  
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Significance of Water/Powder Ratio 
As part of the analysis of results, a Pearson’s Correlation for the results and the 
manufacturer’s recommended water/powder ratio, was performed, to assess the 
importance on dimensional stability (results are presented in Table 6.10). 
 
 
6.3 Results 
6.3.1 Experiment 6.1 - Measurement of % Weight Loss at 40oC Dry 
Preparation 
There were five runs for 40oC, dry preparation. The time to slow-down ranged from 80 
to 110 minutes between the runs (average = 97 minutes, SD = 15). The residual weight 
% at the slow-down point ranged from 34.1% to 52.9% (average = 41.6%, SD = 
10.0%). The average time to reach mid-point of loss of % residual weight at slow down 
was 45 minutes (SD 5 minutes; range = 40 – 50). The average maximum rate of 
dehydration was 0.60 weight % min-1 (SD 0.02; range: 0.59 to 0.62). 
 
The time to termination ranged from 130 to 155 minutes between the samples 
(average = 140 minutes, SD = 13). The residual weight % at the termination point 
ranged from 28.3% to 32.0% (average = 30.4%, SD = 1.9%). It took between 50 and 60 
minutes to reach the mid-point of loss of % residual weight at termination (average = 53 
minutes, SD = 6 minutes). The average rate of dehydration was 0.50 weight % min-1 
(SD 0.03; range: 0.46 to 0.52). These results are graphically illustrated in Figure 6.1 and 
Table 6.4.  
 
As predicted, the sample shrank (Serp et al. 2002), and stiffened (Brinker & 
Scherer 1990). 
 
6.3.2 Experiment 6.2 - Measurement of % Weight Loss at 40oC Wet 
Preparation 
There were five runs for 40oC wet preparation. The time to slow down ranged from 40 
to 110 minutes between the runs (average = 72 minutes, SD = 36). The residual weight 
% at the slow-down point ranged from 46.9% to 77.8% (average = 64.0%, SD = 
15.3%). The average time to reach the mid-point of loss of % residual weight at slow 
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down was 36 minutes (SD = 18 minutes; range = 20 – 55). The average maximum rate 
of dehydration was 0.52 weight % min-1 (SD = 0.04; range = 0.47 to 0.57). 
 
The time to termination ranged from 165 to 175 minutes between the samples 
(average = 171 minutes, SD = 5). The residual weight % at the termination point ranged 
from 31.0% to 32.9% (average = 31.9%, SD = 0.8%). For all five runs it took 70 
minutes to reach the mid-point in loss of  % residual weight at termination (tMPT).  The 
average rate of dehydration (slope of the curve) was 0.40 weight % min-1 (SD = 0.01; 
range = 0.39 to 0.41). These results are graphically illustrated in Figure 6.1 and Table 
6.4. 
 
6.3.2 Experiment 6.3 - Measurement of % Weight Loss at 60oC Dry 
Preparation 
There were 5 runs for 60oC, dry preparation. The time to slow down ranged from 55 to 
65 minutes between the runs (average = 60 minutes, SD = 4). The residual weight % at 
the slow down point ranged from 30.3% to 32.1% (average = 31.4%, SD = 0.7%).  
Average time to reach mid-point of loss of % residual weight at slow down was 24 
minutes (SD 2 minutes; range 20 – 25). The average maximum rate of dehydration was 
1.15 weight % min-1 (SD 0.06; range: 1.07 to 1.24). 
 
Time to termination ranged from 60 to 70 minutes between the samples (average 
= 67 minutes, SD = 5). The residual weight % at the termination point ranged from 
30.3% to 32.0% (average = 31.2%, SD = 0.7%). It took between 20 and 25 minutes to 
reach the mid-point in loss of % residual weight at termination (average 24 minutes, SD 
2). The average rate of dehydration was 1.03 weight % min-1 (SD 0.06; range: 0.98 to 
1.13). These results are graphically illustrated in Figure 6.1 and Table 6.4. 
 
6.3.4 Experiment 6.4 - Measurement of % Weight Loss at 60 oC Wet 
Preparation 
There were three runs for 60oC , dry preparation. The time to slow-down ranged from 
55 to 65 minutes between the runs (average = 60 minutes, SD = 5). The residual weight 
% at the slow-down point ranged from 30.3% to 31.4% (average = 30.7%, SD = 0.6%).  
The average time to reach mid-point of loss of % residual weight at slow down was 23 
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minutes (SD = 3 minutes; range = 20 – 25).  The average maximum rate of dehydration 
was 1.16 weight % min-1 (SD = 0.10; range = 1.07 to 1.27).  
 
The time to termination ranged from 65 to 70 minutes between the samples 
(average = 68 minutes, SD = 3). The residual weight % at the termination point ranged 
from 30.1% to 31.2% (average = 30.6%, SD = 0.6%).  It took between 20 and 25 
minutes to reach the mid-point in loss of % residual weight at termination (average 23 
minutes, SD 3).  The average rate of dehydration was 1.02 weight % min-1 (SD 0.05; 
range: 0.98 to 1.07). These results are graphically illustrated in Figure 6.1 and Table 6.4. 
 
Table 6.4. Summary table of data from Experiments 6.1 – 6.4. Weight loss with time 
from dehydration at 40oC and 60oC isothermal, where "t slow" is the time to reach slow 
down of straight line curve, "t term" is the time to reach termination of dehydration, "% 
res wt" is the weight at "t term", and "slope" is the rate of weight loss (% of original wt 
min-1 ) of the straight line curve. All values of "t" are in minutes. 
 oC t slow t term % res wt slope 
     
40 wet 97 171 31.99% 0.40 
40 dry 72 140 30.40% 0.60 
60 wet 43 67 31.24% 1.02 
60 dry 40 58 30.62% 1.15 
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Figure 6.1. Graph of summary of results from: Experiments 6.1 – 6.4. Comparing 
isothermal results for 40oC and 60oC, using dry and humid techniques. 
 
 
6.3.5 Experiment 6.5 - Isothermal TGA of Dental Alginate at 25 – 85oC at 
5oC Interval using the Wet Technique 
Experiments 6.1 and 6.3 were repeated with the test temperature set at 25, 30, 35, 40, 
45, 50, 55, 60, 65, 70, 75, 80, and 850C. The results are summarised in Tables 6.5 and 
6.6, and Figures 6.2. and 6.3. As postulated, as the TGA temperatures were increased, 
so too, in proportion, did the recorded rates of dehydration. 
 
For the maximum rate of dehydration (the sample test with the highest rate of 
dehydration), r = 0.96, p < 0.001 (n = 47).  
 
For the mean dehydration rate, r = 0.98, p <0.001 (n = 46).  
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Table 6.5. Summary table of data from Experiment 6.5. Isothermal TGA of dental 
alginate at 25 – 85oC at 5oC intervals to slow down (tS). 
Temperature n Time to Slow Down 
(minutes) 
Residual Weight %  
at Slow Down 
Maximum Rate of  
Dehydration 
  M SD 
Range 
M SD Range M SD Range 
           
25 4 10 4 5 – 15 95.10 2.78 92.92 – 
98.94 
0.46 0.20 0.21 – 
0.71 
30 3 10 0 n/a 94.58 0.84 93.61 – 
95.07 
0.54 0.08 0.49 – 
0.64 
35 3 20 10 10 - 30 88.24 4.40 84.03 – 
92.81 
0.62 0.09 0.53 – 
0.72 
40 5 72 36 40 – 
110 
64.00 15.35 46.95 – 
77.83 
0.52 0.04 0.47 – 
0.57 
45 4 96 3 95 – 
100 
33.83 0.90 32.64 – 
34.83 
0.69 0.01 0.67 – 
0.70 
50 3 82 3 80 – 85 32.88 0.62 32.17 – 
33.31 
0.82 0.02 0.80 – 
0.84 
55 3 68 3 65 – 70 31.91 0.26 31.74 – 
32.21 
1.00 0.05 0.97 – 
1.05 
60 5 60 4 55 – 65 31.40 0.67 30.31 – 
32.05 
1.15 0.06 1.07 – 
1.24 
65 3 50 0 n/a 31.40 0.24 31.14 – 
31.61 
1.37 0.00 1.37 – 
1.38 
70 3 45 0 n/a 31.54 0.14 31.46 – 
31.71 
1.52 0.00 n/a 
75 3 35 0 n/a 31.67 0.12 31.53 – 
31.76 
1.95 0.00 1.95 – 
1.96 
80 4 35 0 n/a 31.64 0.39 31.22 – 
31.97 
1.95 0.01 1.94 – 
1.97 
85 4 30 0 n/a 31.54 0.56 30.72 – 
31.94 
2.28 0.02 2.27 – 
2.31 
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Table 6.6. Summary table of data from Experiment 6.5. Isothermal TGA of a dental 
alginate at 25 – 85oC at 5oC intervals to termination (tT). 
Temperature n Time to 
Termination 
(minutes) 
Residual Weight %  
at Termination 
Rate of Dehydration 
  M SD Range M SD Range 
M 
SD Range 
           
25 4 373 49 300 - 
410 
36.41 9.51 30.33 – 
50.61 
0.17 0.00 0.16 – 
0.17 
30 3 293 12 280 - 
300 
32.36 0.16 32.18 – 
32.49 
0.23 0.01 0.23 – 
0.24 
35 3 203 3 200 - 
205 
31.60 0.25 31.43 – 
31.89 
0.34 0.01 0.33 – 
0.34 
40 5 171 5 165 - 
175 
32.01 0.77 31.10 – 
32.89 
0.40 0.01 0.39 – 
0.41 
45 4 114 3 110 - 
115 
31.78 0.37 31.29 – 
32.17 
0.60 0.01 0.59 – 
0.62 
50 3 95 0 n/a 31.65 0.33 31.29 – 
31.95 
0.72 0.00 n/a 
55 3 75 0 n/a 31.54 0.24 31.37 – 
31.71 
0.91 0.00 0.91 – 
0.92 
60 5 68 3 65 – 70 31.23 0.63 30.25 – 
31.90 
1.01 0.03 0.98 – 
1.05 
65 3 55 0 n/a 31.37 0.25 31.09 – 
31.58 
1.25 0.00 1.24 – 
1.25 
70 3 50 0 n/a 31.51 0.14 31.43 – 
31.67 
1.37 0.00 n/a 
75 3 40 0 n/a 31.62 0.15 31.45 – 
31.72 
1.71 0.00 n/a 
80 4 38 3 35 – 40 31.64 0.39 31.21 – 
31.97 
1.83 0.13 1.72 – 
1.94 
85 4 35 4 30 – 40 31.50 0.56 30.71 – 
31.94 
1.98 0.23 1.71 – 
2.27 
 
 
CHAPTER 6 Thermal Gravimetric Analysis of Dental Alginates 
 
113
 
Temperature
85 
80 
75
70
65
60
55
50
45
40
35
30 
25 
 
 
 
 
 
 
 
 
Mean     
Dehydration   
Rate 
2.5 
2.0 
1.5 
1.0 
.5 
0.0 
Maximum 
dehydration 
Mean 
Dehydration 
 
 
 
 
 
Temperature
85 80757065605550454035 30 25 
 
 
 
 
 
 
 
 
 
 
 
Mmaximum 
rate of 
dehydration 
2.5
2.0
1.5
1.0
.5
0.0
Dehydration rate
95% CI low
95% CI high
 
 
 
Figure 6.2. Summary graph of data from: Experiment 6.5. Isothermal TGA of dental 
alginates from 25 – 85oC. The figure shows the mean and maximum rates of 
dehydration by temperature (slope of the curve). Note that TGA measurements below 
40oC are inconsistent, due to lack of instrument sensitivity.  
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Figure 6.3. Summary graph of data from: Experiment 6.5. Graph showing linear 
progressive and proportional increase in the isothermal rate of dehydration with 
increasing temperature. 
 
 
6.3.6 Experiment 6.6 - Dynamic TGA of Dental Alginate: Validation 
(Ramping 30  – 175oC) 
This experiment validated Dynamic TGA for dental alginates by repeating the testing 
process several times for the same alginate. An example of a thermograph obtained is 
shown in Figure 6.4, and the data printout and result sheets are shown in Appendices F 
and G at the end of the thesis.   
 
An intra-class correlation coefficient (two-way mixed effect, single measure, 
consistency definition) was run to examine the validity of the dynamic TGA process.  
Results from each of the nine runs were highly consistent. ICC = 0.999 (95%CI 0.998 – 
0.9995; F(29, 232) = 9167.83, p < 0.001). 
 
The Dynamic TGA Thermograph 
Figure 6.4 is an example of a dynamic TGA thermograph where the “x” axis is 
increasing (“ramp” at 10oC per minute) temperature, and the “y” axis is a percentage (of 
the original sample) weight loss. The basic weight-loss curve (the straight line starting 
near 100%) records the progressive percentage residual weight, and ends near 40% (that 
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is, the sample loses nearly 60% of its weight due to accelerated dehydration). The 
derivative curve (the bell-shaped curve starting near 50%, but which represents 0% rate 
of weight-loss) records the relative rate of weight-loss, building up to a maximum rate 
at a peak (the “peak temperature of dehydration” – Tpd). The Td is automatically 
computed by the TGA analysis program, and, in the case of Figure 6.4, Tpd is 97.04 oC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4. Typical thermograph for dynamic TGA of a sample dental alginate. The 
straight curve represents weight loss, and the bell curve is the derivative (rate of weight 
loss). 
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6.3.7 Experiment 6.7 - Dynamic TGA of Six Dental Alginates, Ramping 
10oC min-1 from 50 to 350oC 
This experiment repeated the protocol for Experiment 6.6 for five other test alginates. 
The resulting weight loss and derivative curves were determined, and the results (in 
order of rank) are shown in Table 6.7. Table 6.8 shows the dimensional stability 
rankings of the test alginates determined in Chapter 5, and is included for comparison. 
Measurements of residual weight (%) were recorded at 100oC, termination temperature 
(Tc), and peak derivative temperatures (Td), then compared with the other alginates.  
There were significant differences between the six alginates in residual weight % at 
100oC (F(5,24) = 924.54, p < 0.001), temperature at completion of dehydration (F(5,24) 
= 801.56, p < 0.001) and peak derivative temperature -Tpd (F(5,24) = 2329.87, p < 
0.001). These results are set out in Tables 6.7 and 6.8 to aid comparisons. 
 
The ranking order (with the most stable first) was very similar to the original 
dimensional stability experiments of Chapter 5, with the following comments: 
 
1. Sample “A” was always number.1, except for the 100oC measurements, where it 
came a very close second to sample “B” (71.7 verses 70.5% residual wt). 
 
2. Sample “A” had a significantly higher completion (of dehydration) temperature 
than sample “B” (157.1 verses 145.4oC). 
 
3. While sample “F” had a relatively low 50 hour dimensional stability 
performance (ranked last) with a dry preparation, it had a higher relative 100 
hour performance (ranked fourth).  Similarly, it had low scores (fourth) for 
100oC (residual wt) and peak derivative temperature (fourth), but better ranking 
regarding completion (of dehydration) temperature (fifth). 
 
4. The TGA measurement from the dynamic series that had the closest ranking 
correlation to dimensional stability ranking results was the Td.   
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Table 6.7. Summary table of data from Experiment 6.7. Dynamic TGA of six dental alginates. The values measured for the purposes of comparison 
of results for Dynamic TGA of the six dental alginates were "percentage residual weight at 100oC", "temperature at completion of dehydration" and 
“peak derivative temperatures” (at which the greatest weight loss occurs). Details of the samples are provided at Appendix A. 
 
Alginate 
Residual Weight % 
at 100oC 
Alginate Temperature at Completion 
of Dehydration  - Tc (oC) 
Alginate Peak Derivative
Temperature - Td (oC) 
         Mean SD Mean SD Mean SD
         
D 55.65      
      
      
      
      
      
0.35 E 138.21 0.45 F 93.71 0.32
F 58.84 0.36 D 140.11 0.70 E 96.21 0.43
C 62.52 0.42 C 143.11 0.48 D 104.91 0.53
E 67.24 0.82 B 145.41 0.46 C 113.61 0.67
A 70.52 0.47 F 152.52 0.59 B 114.21 0.44
B 71.74 0.22 A 157.11 0.73 A 121.11 0.56
 
CHAPTER 6 Thermal Gravimetric Analysis of Dental Alginates 
 
118
Table 6.8. Dimensional stability data for the test alginates (from Chapter 5) for 
comparison with thermal stability results, where “DS” is dimensional stability (% 
change after 100 hours’ storage), “t100” is the percentage residual weight at 100 oC, and 
“Td” is the peak derivative temperature. Note the strong correlation between rankings 
for DS and Td, but not for DS and t100. 
 
 % Dimensional Change 
at 100 hours 
Sample 
DS t100 Td 
A 
0.322 70.5 121.1 
B 0.551 71.7 114.2 
C 0.564 62.5 113.6 
D 0.771 55.7 104.9 
E 0.830 67.2 96.2 
F 0.887 58.8 93.7 
 
 
6.3.8 Experiment 6.8 - Investigation of Dynamic TGA of Dental Alginate 
Powders 
This experiment, a pilot study, tested Sample A alginate powder, using the dry TGA 
dynamic protocol as for the mixed gels, except that 10 mg of the dry powder were 
placed in the sample pan, to investigate the nature of a TGA thermograph for an alginate 
powder. The six repeats of dynamic TGA for Sample A powder, ramped 10oC per 
minute from 30 to 325oC, showed very high consistency: ICC = 0.992 (95%CI 0.989 to 
0.995, F(49,392) = 1149.70, p < 0.001). The thermograph was complicated, but had two 
definite peaks at around 120 and 250oC (Figure 6.5). It was speculated that the low 
temperature peak corresponded to release of bound water, and the higher temperature 
peak to glass transition (Tgt). 
 
6.3.9 Experiment 6.9 - Dynamic TGA of six Dental Alginate Powders 
This experiment repeated the protocol for Experiment 6.8 for the other five samples of 
alginate powders except that only one sample of each alginate was tested. It was 
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postulated that the alginate powders would have a glass transition phase (differential 
peak temperature Tgt) where the bound water would be driven off.  Test thermographs 
were complicated, but all alginates had a definite peak between 230 – 250oC.  The 
results are shown in Figure 6.6 and Table 6.9. There were no significant differences 
between the six alginates  [F(5,24) = 924.54, p < 1.5.]. Whilst the rankings of the 
powders by Tgt showed a trend towards that for dimensional stability (Chapter 5), there 
was no definitive statistical correlation. 
 
Table 6.9. Summary table of results from Experiment 6.9. Dynamic TGA of the six 
alginate powders to record glass transition temperature (Tgt), where bound water is 
driven off, and % Res. is the percentage residual weight of the sample at Tgt.  
Sample Tgt %Res. 
A 246.6 96.14 
B 246.6 95.17 
E 244.6 92.47 
C 241.8 90.91 
F 238.1 91.07 
D 237.3 93.82 
 
 
6.3.10 Comparison of Results and Ranking the Alginates 
The comparative results of all TGA experiments were tabulated to analyse the 
relationship between all thermal stability indicators and the dimensional stability of 
dental alginates.  The statistician also performed a correlations test between all results 
and the water/powder ratio recommended by the manufacturer. The results are 
summarised in Table 6.10. 
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Table 6.10. Summary comparison table and correlations table of data from all dynamic 
TGA experiments and dimensional stability results from Chapter 5, as well as 
assessment of the effect of the water/powder ratio. All columns have the most stable 
alginate on top then in descending order of stability. “DS” is the dimensional stability 
rankings from Chapter 5, “100oC” is % residual weight at 100oC, “Td” is peak 
temperature of dehydration, “Tc” is temperature upon the completion of dehydration, 
and “Tgt” is the peak temperature of (assumed) glass transition for the powders. 
DS   100oC Td Tc Tgt 
A  B A A A 
B  A B C B 
C  C C B E 
D  D D E C 
E  E E F F 
F   F F D D 
      
 
 
Correlations 
 100°C Tc
 
Td water powder
Pearson 1 .76** .95** -
100°C                Sig. (2- . .00 .00 .11
                          N 30 30 30 30
Pearson .76** 1 .90** -
Tc                      Sig. (2- .00 . .00 .24
                          N 30 30 30 30
Pearson .95** .90** 1 -
Td                     Sig. (2- .00 .00 . .05
                          N 30 30 30 30
Pearson - - - 1
water powder    Sig. (2- .11 .24 .05 .
                          N 30 30 30 30
**Correlation is significant at the 0.01 level. 
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6.4 Discussion 
The results of the isothermal TGA series of experiments show that: 
 
• the dehydration behaviour of dental alginates can be reliably tested by 
isothermal  TGA. 
• the rate of weight loss (dehydration) of dental alginates increases with increasing 
temperature and decreasing humidity. 
• the higher the test temperature, the more consistent the results.  The standard 
deviation for the results at 40oC (Experiment 6.1) was 36 (%), whilst that for 60 
oC was 5 (%). 
• while the isothermal experiments simulate the dental clinical environment, and 
proved that resistance to dehydration is directly related to time and temperature, 
they are too time-consuming, and probably not necessary for comparative 
studies on dimensional stability.  
 
The results of the dynamic TGA series of experiments show that: 
 
• dynamic TGA produces results more rapidly than does isothermal TGA. 
• the six sample dental alginates have different rates of weight loss, and produce 
unique thermograms (thermal signatures). 
• all of the selected measuring points (indicators of thermal stability) on the 
dynamic TGA thermogram showed a direct correlation to the dimensional 
stability results from Chapter 5, that is, those samples that ranked relatively 
highly for thermal stability also ranked highly for dimensional stability. 
• the measuring point on the dynamic TGA thermogram that showed the highest 
correlation (Pearson correlation = 1) with dimensional stability was the peak 
temperature of dehydration (Td). This was probably because Td was the most 
definitive point on the thermogram (a peak) to determine and measure, and is 
recommended as the measurement of choice for comparative TGA studies on the 
dimensional stability of dental alginate.  
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• for the sample dental alginate powders tested, the only value (of a complex 
thermograph) that showed any correlation with dimensional stability was the 
second endothermic peak, thought to indicate the temperature of glass transition 
(Tgt), or the release of bound water (Brinker & Scherer 1990), at about 240oC. 
The correlation was not as significant as Td for the set gels, nor significant 
enough to be considered as a measure of dimensional stability. 
 
The results generally agree with the TGA studies of thermal and general stability 
for other hydrocolloids (Bloor 1992; Challen 1993; Biliaderis et al. 1995). 
 
These findings thus support the postulation that, for dental alginates, resistance 
to dehydration (and therefore dimensional stability) as measured by isothermal TGA, 
relates directly to temperature and humidity, and thermal stability, as measured by 
dynamic TGA, is a direct indicator of relative dimensional stability.  
 
6.4.1 Recommendation of a Benchmark 
The dynamic TGA thermal stability results confirm the optical results (see Chapter 5) 
that Sample A was the most dimensionally stable alginate tested, as it produced the 
highest values for three out of the four thermal indicators (including the measurement of 
choice, Td) for dimensional stability, and was a close second for the fourth indicator. 
Thus the Td obtained from dynamic TGA testing is recommended as the benchmark for 
future comparative studies. 
 
It was speculated that, as the Sample A mix before set was more viscous 
(stiffer), it may contain relatively less water, and that the manufacturer may have set the 
recommended water/powder ratio at a lower level than the average product. It was 
therefore decided, as part of this study, to use the methods developed in this thesis to 
investigate the effect of changes to w/p on dimensional stability, and hypothesised that 
each sample of dental alginate would have an ideal water/powder ratio for maximum 
dimensional stability. It was also speculated that the results for all samples would be 
very similar. The results are reported in Chapter 8. 
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6.4.2 Mechanism of Thermal Stability 
As previously discussed, it has been hypothesised that a high degree of thermal stability 
(and therefore, dimensional stability) for any particular alginate may be related to high 
levels of bound and unbound water combined with low levels of excess (unstable) 
interstitial water, that is, ideal saturation (Bhaskar et al. 1998; Hinrichs et al. 2003). 
Therefore it is probable that the recommended water/powder ratio is critical for each 
alginate, has not been set to maximise dimensional stability, and can be modified to 
produce a more stable dental impression. In addition, the proportion of alginic acid in 
the powder and the number and utilisation of cross-linking sites on the alginic acid 
chains, are probably important (Smidsrød 1975; Thomas & Fellows 2004).  
 
6.4.3 Summary of Conclusions 
In summary, it has been shown that: 
 
• the thermal stability of dental alginates can be measured by TGA, 
• there is a correlation between thermal stability and dimensional stability, 
• dynamic TGA can be used to accurately assess relative dimensional stability, 
• dynamic TGA methods for the measurement of thermal stability are more 
convenient (rapid) than the isothermal TGA and the traditional optical method, 
• the TGA measurement showing the nearest statistical correlation to dimensional 
stability was “Td” (peak derivative temperature for dynamic TGA)  and, 
•  the results for TGA testing of the alginate powders were not statistically 
significant. 
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Chapter 7 
 
Differential Scanning Calorimetry of Dental Alginates 
 
 
7.1 Introduction 
It has been postulated that thermal stability is directly related to dimensional stability, 
and that the peak temperature of decomposition (Tpd) obtained from differential 
scanning calorimetry (DSC) is the most convenient and accurate measurement to assess 
and compare the dimensional stability of dental alginates.  
 
The DSC technique, which measures the enthalpy of reactions, was described in 
Chapter 3. Enthalpy changes are continuously recorded and displayed as a curve (DSC 
thermograph), which can be analysed by a computer program to determine various 
aspects of thermal behaviour. Features of enthalpy curves that are of interest include 
onset and peak temperatures (of reaction or process), peak integration (partial and 
special area calculations), step transitions, slope (rate of energy exchange), and 
identification of points. It is these features of the enthalpy curve that make up the 
thermal signature (Wendlandt 1986), which helps to identify and differentiate 
substances. 
 
Tpd 
The literature reports Tpd as the most popular measure of thermal stability for other 
hydrocolloids, as it is a definitive point on the thermograph (see Chapter 3), and is a 
measure of the ability of a substance to resist thermal decomposition. The higher the 
Tpd, the more heat has been required to decompose the substance, the more resistant the 
substance is to thermal decomposition, the greater the thermal stability (Wendlandt 
1986). It was thought that Tpd would be the most suitable measurement for thermal 
stability studies on dental alginates, as it is likely that the ability of a substance to resist 
thermal decomposition will reflect its dimensional stability.  
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Area Under the Peak  
Another popular measure of thermal stability is the enthalpy, or the energy required to 
achieve thermal decomposition. It corresponds to the area under the curve from onset to 
completion (of reaction), and its measurement is called “integration of the peak area”. 
Theoretically, the higher the value for the area, the more energy is required to 
decompose, and the greater is the thermal stability of the sample. Due to changes in the 
heat capacity of the sample during the thermal transition, the instrument baseline often 
undergoes large displacements in the “Y” axis direction. Therefore, integration of the 
peak area may be difficult, or at best, inaccurate, and of little use in comparative studies. 
This aspect will be investigated in Experiment 7.1.  
 
Experimental Parameters 
Variables, including sample mass and shape, and ramp rate (rate of increase in 
temperature), need to be determined to produce thermographs (signatures) that have the 
best features to enable accurate measurement, and will be decided during Experiment 
7.1. 
 
The aim of this series of four experiments is therefore to determine: 
 
• If dental alginates can be analysed for thermal stability by DSC 
• The most suitable values for the experimental variables  
• If Tpd is the most suitable measure of thermal stability 
• If thermal stability as measured by DSC is an indicator of relative dimensional 
stability  
 
In the first experiment, a series of test samples with varying weights (1 – 20 mg) 
and ramp settings (1 – 20oC min-1) will be used to produce thermographs for the set gel 
of a sample dental alginate (A) that will be compared for ease and accuracy of 
measurement, and the most suitable combination of variables selected for the 
subsequent experiments. The test sample will also be reverse-cycled (cooled) to confirm 
that thermal decomposition is not reversible (as found in other studies on hydrocolloids 
reported in Chapter 3). The second experiment will test the selected parameters for 
reproducibility by producing multiple thermographs of the same sample and analysing 
various measurements for consistency. The third and fourth experiments will produce 
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thermographs for six test dental alginates (the set gel and the powder, respectively) 
which will be used to rank the samples according to thermal stability, then compared 
with the rankings for dimensional stability from Chapter 5.  
 
 
7.2 Background 
As discussed in Chapter 3, DSC, by rapidly heating (ramping) a substance, accelerates 
ageing or maturation processes, which cause the thermograph to deviate as energy is 
absorbed or released, and can be used to rapidly detect many types of reactions, 
including phase changes, fusion, boiling, oxidation and reduction reactions, and 
decomposition. It is accepted that the deviations of the thermograph that form “peaks” 
are the most reliable to measure (Wendlandt 1986). The literature reports DSC 
endothermic peaks for other hydrocolloids (mostly starch) that were deemed to be the 
result of decomposition (or degradation) of the substance (Chapter 3), and the peak was 
therefore called “the peak temperature of decomposition (Tpd)”. Tpd was considered an 
indicator of relative thermal stability, in that substances with high Tpd have high 
resistance to decomposition (and better thermal stability).  
 
This study hypothesises that for dental alginates, the same processes and 
properties that provide a dental alginate with resistance to thermal decomposition (high 
Tpd), will also provide the same alginate with resistance to dehydration and therefore 
good dimensional stability. In other words, thermal stability is proportional to 
dimensional stability, and DSC Tpd is a rapid and reliable measurement of dimensional 
stability. 
 
The literature reports other parameters of the endothermic peak as being used to 
measure thermal stability, such as “onset temperature” (“To”), the temperature at which 
the peak begins (the point on the curve where the endotherm for decomposition begins), 
“enthalpy” and “heat flow” (the rate of energy absorption). As the DSC analysis 
program had the facility to measure these other parameters, they will also be recorded 
and assessed as indicators of dimensional stability.  
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7.2.1 Decomposition Kinetics 
In most cases, decomposition of alginate is a random process, in that all linkages are 
equally susceptible. The de-polymerization is first order with regard to the number of 
cleavable linkages (n), that is, 
-dn/dt = kn,      (2) 
 
where k is the pseudo-first-order constant dependent on temperature (Christensen, 
1995).  
 
Khairou and Hassan (2002) studied the effect of temperature on calcium (and 
other divalent metals) in alginates using electrical conductivity, x-ray diffraction, and IR 
absorption as indicators of chemical process. They concluded that sodium alginates 
show a high affinity for chelation with polyvalent metal ions, and that thermal 
decomposition indicated the dehydration of co-ordinated water molecules at the initial 
stages with formation of free radicals: 
(C6H7O6 - Ca) n1 → (C6H3O4 - Ca) n2  +  2H2O     (3) 
 
where C6H7O6 - Ca is the Ca-alginate complex, and C6H7O6  the alginate monomer. 
A transfer of electrons rapidly follows from the alginate macromolecule to the chelated 
calcium ions via formation of an intermediary radical, 
(C6H3O4 - Ca) n2 → (C6H3O4) n3 , Ca°      (4). 
 
Then, a dimerisation of the formed free radicals takes place, 
(C6H3O4) n3  , Ca°  +  (C6H3O4) n3  , Ca° → {(C6H3O4) n4 , Ca°}2   (5) 
 
followed by a degradation process of the dimer formed to give calcium atoms and 
degradation products of the alginate macromolecule, 
{(C6 H3O4) n4 , Ca°}2  +  9½ O2 → 12CO2 + 3H2O + 2 Ca°    (6). 
 
Khairou and Hassan (2002) also suggested an alternate pathway, which involves 
the dehydration of co-ordinated water molecules, 
(C12 H14O11 - Ca.X H2O) n1 → (C12 H14O11 - Ca) n2  + X H2O   (7) 
 
followed by the degradation of the intermediaries formed to give calcium oxalate. 
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If CO2 gas can be detected in the experiment, then the calcium oxalate has 
further decomposed to calcium oxide, 
CaC2O4  +  ½ O2 →  CaO + 2CO2        (8). 
 
7.2.2 Application of DSC to the Study of Dental Alginates 
The thermal decomposition of a number of organic acids was studied by Wendlandt and 
Hoiberg (1963) using DSC. The endothermic peaks they observed were caused by 
dehydration, decarboxylation, sublimation, decomposition, and phase transitions. The 
DSC curves for some of the acids are shown in Figure 7.1. The major ingredient (after 
water) in dental alginates is alginic acid (an organic acid), and it is expected that the 
DSC curves for dental alginates produced in this study will have endothermic peaks in 
similar temperature ranges to those organic acids examined in the study by Wendlandt 
and Hoiberg (1963), and especially to that of oxalic acid dihydrate (the only acid 
studied containing water of hydration). 
 
Figure 7.1. DTA curves of some organic acids (Wendlandt 1986): a, oxalic, b, malonic, 
c, glutaric, d, succinic. Modified from Smidsrod 1963 and 1965. 
 
 
Dental alginates also behave as water-based polymers (hydrocolloids), and 
therefore their thermographs might be expected to display some thermal characteristics 
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typical of polymers in general. Figure 7.2 illustrates how the various thermal processes 
for polymers appear on a DSC curve (Schulken et al. 1964).  
 
 
 
Figure 7.2. Illustration of how the various thermal processes for polymers appear on a 
DSC curve (Schulken et al. 1964). 
 
 
7.2.3 Precision and Accuracy of DSC Results 
Schwenker and Whitwell (1968) studied the effects of various variables on DSC results, 
and concluded that the best procedure for maximising accuracy is to replicate samples 
until an ideal thermograph is obtained, rather than taking a mean of a set number of 
measurements. They reported that the sample pan seal must be hermetic (absolute) to 
achieve accurate results, and any (even small) failure of the seal will produce inaccurate 
(for example, lower temperature for Tpd) results. This phenomena was confirmed by 
Chiou (2003). Therefore, they advised repeating the DSC experiments many times (at 
least ten) and recording the highest temperature measurement (which represents the 
most successful seal of the sample pan), rather than a mean, for comparison purposes. 
Given that this thesis was aimed at investigating thermal analysis as a rapid and 
convenient method of assessing relative dimensional stability, for this series of 
experiments, it was decided to repeat experiments just five times, record the best result 
for all indicators, then test for correlation with the rankings for dimensional stability 
from Chapter 5. 
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7.2.4 DSC Method Variables 
Heating Rate 
In general, higher heating rates are more convenient when multiple samples are to be 
tested. An increase in heating rate increases major peak temperatures (major peaks 
occur at higher temperatures), and decreases the resolution and size of adjacent peaks 
(Wendlandt 1986). Speil et al. (1945) first pointed out that for endothermic peaks, the 
actual peak temperature is the point at which the differential heat input equals the rate of 
heat absorption. Therefore, the height of the apex of the differential curve will be 
greater when the heating rate is lower, because more of the reaction will take place in 
the longer interval of time.  Most reported studies on other hydrocolloids, especially 
starch (Chiou, 2004), used lower heating rates (3 – 5°C min-1) to maximise peak 
heights.  However, Chinachoti (1996) found there was no significant diminishing of 
peak heights for some starches at a heating rate of 10°C min-1. Experiment 7.1 will 
investigate both 5 and 10°C min-1. 
 
Sample Characteristics  
Wilburn et al. (1968) state that to prevent the adverse distortion of DSC curves, the 
sample size should be small to allow rapid heat transfer to the sample. As the sample 
radius and/or mass increases, the peak temperature increases, and the heating rate within 
the sample decreases (Melling et al. 1969). To ensure the heating rate in the sample 
remains reasonably constant during reaction, one must use samples having small radii.  
For these experiments testing dental alginates, cylindrical samples of 5 to 15 milligrams 
with a radius of 2 – 4 mm will be tested. 
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7.3 Materials and Methods 
7.3.1 Preparation 
Differential Scanning Calorimeter 
The instrument used to measure enthalpy in this study was the DSC 2920* with a PC-
based controller (Thermal Analyst 2200 version 8.9), from the Key Centre for Polymer 
Colloids, Department of Chemistry, University of Sydney, NSW, Australia. The 
manufacturer states the DSC 2920 determines the temperature and heat flow associated 
with material transitions as a function of time and temperature. It also provides 
quantitative and qualitative data on endothermic (heat absorption) and exothermic (heat 
evolution) processes of materials during physical transitions that are caused by phase 
changes, melting, oxidation, and other heat-related changes. DSC is the most widely 
used of all the thermal analysis techniques because it allows the use of small samples (1 
– 20 mg), easy sample preparation, wide temperature range (-150 to 725°C), rapid 
scanning, and high accuracy and precision. The components of a DSC are schematically 
represented in Figure 7.3, and were discussed in Chapter 3. 
 
*TA Instruments Inc., 109 Lukens Drive, Newcastle, DE 19720 (1994) 
                           
 
Figure 7.3. Schematic diagram of the components of a Differential Scanning 
Calorimeter. 
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Accessories 
The sample encapsulating press is used to prepare encapsulated samples with hermetic 
seal for the DSC. The sample is placed in the lower half of the pan, and a lid is placed 
on top. The assembly is then placed into the press and aligned by hand, and a manual 
clamp applied to seal the pan. High levels of manual dexterity are required to locate the 
pan in the correct position, and the adjustments required for press set-up are arduous, 
resulting in many samples with a less than ideal seal. Samples where the pan had not 
been hermetically sealed were easily identified due to the resulting thermograph 
showing early and inconsistent endothermic deviations from the baseline. These 
samples also had a lower peak temperature of decomposition (Tpd) than the more 
regular thermograph of a successful seal of the same sample.  
 
The liquid nitrogen coolant apparatus (LNCA) achieves automatic and 
continuous programmed sample cooling for accurate temperature control when used 
with the DSC heat exchanger installed on the DSC cell.  
 
Calibration 
The DSC 2920 was calibrated regularly by the Key Centre for Polymer Colloids 
Laboratory Technical Officer. The Calibration coefficient, or cell constant (K), is 
determined by the use of compounds having known heats of transition. The expression 
for K units can be written as (after Collins, 1970): 
                                                     K = ÄHmC                           (10) 
                                                            AÄTs 
 
where:  -     ÄH is the enthalpy of transition in J/g, 
- m is the sample mass in g, 
- C is the chart speed in cm/min, 
-  A is the peak area in cm2, and 
-  AÄTs is the differential temperature sensitivity in °C/cm.  
 
Numerous compounds have been proposed to calibrate DSC instruments, 
including indium, tin, lead and zinc. Van Dooren and Muller (1981) proposed the 
melting peak of indium as the most suitable calibrant, with a melting temperature of 
156.6°C, and a heat of transition (fusion) of 3.35 ± 0.03 kJ/g. To calibrate the DSC 
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2920, a standard calibration sample of indium was subjected to heating under standard 
calibration conditions, and the resulting curve compared with the standard curve, with 
the cell constant K being calculated to compensate for any differences. In these 
experiments, it was not important to know the quantum of K, but only that it was 
constant for the duration of experimental sequences. 
 
 
7.4 Protocol 
Introduction 
The objective of this series of experiments was to conduct thermal analysis of dental 
alginates using DSC, then compare results from six alginates with those from the TGA 
and dimensional stability experiments. 
 
The purpose of Experiment 7.1 was to determine the combination of parameters 
(sample size and ramp rate) that will best display the anticipated decomposition curve, 
and assist accurate measurement. Experiment 7.2 will validate the reproducibility of the 
DSC technique by repeating the analysis five times for the same alginate (sample A). To 
assess if any of the DSC temperature peaks or other features are indicators of 
dimensional stability, Experiment 7.3 will repeat the method of Experiment 7.2 for six 
different dental alginates (including Sample A), and the results will be compared with 
those from the TGA and dimensional stability experiments reported in Chapters 5 and 6.  
Experiment 7.4 will repeat Experiment 7.3 for the dry powders of the sample alginates, 
to investigate if any features of the powder thermographs could be related to 
dimensional stability. The protocol details for Experiment 7.3 will be determined by the 
results from Experiments 7.1 and 7.2, and will therefore be restated with the results for 
that experiment. 
 
Experimental Procedure 
The experimental procedure was designed to follow DSC convention to assess the best 
parameters of sample size and ramp rate for evaluation of endothermic peaks. Once 
these had been decided, the independent variable would be the peak temperatures at 
which dehydration and decomposition occurred. The experimental procedure was to set 
the parameters for the DSC run, noting sample details, starting temperature (50°C), and 
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heating instructions ("ramp” 10oC min-1 to 350oC). Then the reference and sample pans 
were located in the DSC oven, the oven (triple) sealed, and the heating cycle started.  
 
 
7.5 Methods of Measurement 
The DSC instrument continuously measures the enthalpy (energy flow) of the sample 
during heating from 50°C to 350°C. The "Thermal Advantage" analysis program then 
displays the data as a continuous curve of enthalpy as a function of temperature. DSC 
actually measures the electrical power required to keep the sample pan at the same 
temperature as the reference pan, then computes enthalpy in joules/gram/second. The 
precise value of enthalpy is difficult to determine (due to the difficulty deciding on 
“start” and “end” points of the peak), and is not relevant to this study which is 
comparative. For comparative studies, it is more relevant (and easier) to measure a point 
on the curve, the more reliable measurements will be the temperature of peaks, and 
especially the anticipated Tpd, which is the most obvious and easily measured feature 
from other studies. As previously postulated, Tpd is the most likely indicator of thermal 
(and dimensional) stability. 
 
 
7.6 Results 
7.6.1 Experiment 7.1 - Determination of the Best DSC Parameters for 
Sample Size and Ramp Rate 
The many experimental factors affecting the quality of DSC thermographs were 
discussed in Chapter 3 (Section 3.4). 
  
In this study, all factors except ramp rate and sample weight were constant for 
each series of experiments. 
 
Cylinders of Sample “A” weighing 5, 10, and 15 ± 0.5mg were heated at ramp 
rates of 5, 10 and 15°C min-1, and the DSC curves visually assessed for features of the 
thermograph, and especially the ease of measuring Tpd. It was decided that the 
combination of 10 mg at 10 °C min-1 was the most suitable. 
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The DSC thermographs for the test dental alginate were unique, with only one 
significant endothermic peak and no exothermic peaks, suggesting there may be no 
glass transition (as speculated in the previous chapters), crystallisation, and melting 
phases, typical of many polymers, but rather, just one decomposition phase (Figure 7.4).  
 
 
 
 
Figure 7.4. Typical initial DSC thermograph of the test alginate from Experiment 7.1, 
with a Tpd of 237.74oC. Note the deviation of the curve before the onset of the peak To 
(171.72 oC), indicating an imperfect seal of the sample pan. 
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Experiment 7.1 results confirmed, by reversing the heating process (cooling), 
that the decomposition reaction is irreversible (there was no exothermic peak on 
cooling). The resulting DSC thermograph is shown in Figure 7.5. 
 
Experiment 7.1 results also confirmed that the feature on the DSC curve for 
dental alginates that was the most reproducible appeared to be the peak temperature of 
decomposition (Tpd), Also, whilst the shape of the curve could be different for 
thermographs of the same sample, the Tpd was the same (Figure 7.6). The onset of peak 
temperature (To), enthalpy (area under the curve), and heat flow (rate of energy change) 
could be also be measured, but with less certainty. The best combination of the 
experimental variables (discussed in Chapter 3) heating rate and sample size, was a 
10.00 ± 0.05mg sample with a 10°C min-1 heating rate (ramp), which produced the most 
definitive, and convenient to measure, peak of decomposition.  
 
Therefore, it was decided, that for Experiment 7.2, samples would be 10.00 ± 
0.05 mg, and the heating rate (ramp) would be 10°C min-1. Whilst it appeared Tpd 
would be the most appropriate feature of the DSC thermograph to measure for thermal 
stability studies, as the DSC computer had the capacity, To, enthalpy, and heat flow 
would also be recorded. 
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Figure 7.5. Typical DSC thermograph of the test alginate from Experiment 7.1 showing 
an overlay of both heating and cooling cycles, confirming that the thermal 
decomposition of dental alginate is irreversible. 
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Figure 7.6. DSC thermogram overlay of two samples of the same mix of Sample “A” 
dental alginate, showing different shapes but almost identical Tpd temperature points. 
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7.6.2 Experiment 7.2 - Reproducibility of DSC for Dental Alginates 
Using the parameters decided in Experiment 7.1 (samples 10.00 ± 0.05mg with the 
heating rate 10°C min-1), five samples of Sample “A” were tested for reproducibility. 
The heating curves recorded displayed an endothermic peak between 180 – 250°C. An 
attempt was made to record values for onset temperature (To), enthalpy, and heat flow, 
(with results displayed in Table 7.1) but it was not possible to always accurately 
measure deviations from the baseline and volumes under the curve, and the shape of the 
curves varied with each test of the same sample. Therefore, these results varied 
considerably compared to those for Tpd, a single point on the curve.  
 
As the most reliable and definitive point value was required for the best 
comparison of the dental alginates, and as the “peak reaction temperature”, or the “peak 
temperature of decomposition” (Tpd) best reflects thermal stability (as discussed in 
Chapter 3), it was decided that for future experiments, only Tpd would be recorded.  
 
The results from Experiment 7.2 show a variation in Tpd measurements for the 
same test samples that is most likely due to the quality of the seal of the aluminum pan 
during the preparation of samples. The difficulties using the manufacturer’s “sample 
encapsulating press” have been discussed. If reaction products and water escape during 
heating, then the sample is less stable and produces a lower Tpd recording.  The 
protocol for Experiment 7.2 was therefore changed to record the highest Tpd (as this 
represented the sample with the best pan seal), as well as the average of the five runs, 
and the average of the highest three Tpd values for each set of five runs, and to analyse 
each set of values as regards a relationship to dimensional stability (Table 7.1).  
 
The coefficient of variation for temperature at onset = 0.37 or 37%, for peak 
temperature (five runs) = 0.19 or 19%, and for Tpd (highest three runs) = 0.05 or 4.9%. 
Therefore, the results for the means of multiple runs without elimination of samples 
with obvious poor seal were not consistent.  
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Table 7.1. Summary table of data from Experiment 7.2 Reproducibility of DSC for 
dental alginates. DSC results for five runs of Sample “A”, showing values for onset 
temperature (To), peak temperature (Tpd), enthalpy and heat flow. Note the relative 
consistency of results for Tpd compared to the wide variation for the other three 
measurements. The highest Tpd for the five Sample “A” tests was 249.48oC, the 
average Tpd for all five tests was 212.59oC (SD = 40.44oC), and the average of the 
highest three tests was 240.87oC (SD = 11.83oC). 
  
Run To Tpd enthalpy heat flow 
 °C °C J/g w/g 
1 218.98 249.48 881.7 -10.01 
2 227.89 245.76 601.9 -10.61 
3 222.61 237.38 1028.01 -11.46 
4 103.21 248.71 1808.01 -18.09 
5 105.82 239.61 1647.01 - 8.99 
     
    
 
 
Table 7.2. Assessment of the reproducibility of DSC over five samples of the one 
alginate (Sample “A”) was quantified using the coefficient of variation (SD/mean; 
Experiment 7.2). 
 
To mean Tpd mean best 3 
0C 0C 0C 0C 0C 
227.89 196.41 249.48 219.21 241.57 
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7.6.3 Experiment 7.3 - DSC Analysis of Six Dental Alginates 
Aim 
The aim of Experiment 7.3 was to produce DSC thermograms and measure Tpd for six 
different dental alginates, using the parameters established in Experiment 7.1, and tested 
in Experiment 7.2. Results for the mean Tpd for five runs, the three runs with the 
highest Tpd, and the highest Tpd of the five runs, for each alginate, were recorded, and 
samples ranked according to thermal stability (that is, the sample with the highest value 
for Tpd was the most stable). The results were then compared with the rankings for 100 
hour dimensional stability (DS100) established in the Chapter 5 experiments, and 
correlations computed.  
 
Materials and Methods 
The six sample dental alginates tested were the same as for the Chapter 6 TGA 
experiments (A, B, C, D, E, and F), and details are listed in Appendix “A”. Using the 
parameters decided after Experiment 7.1 (samples 10.00 ± 0.05 mg with the heating rate 
ramp 10°C min-1), the samples were tested using the same DSC method as described for 
Experiment 7.2. 
 
Results 
The results for the mean Tpd for five runs, the three runs with the highest Tpd, and the 
highest Tpd of the five runs, together with the rankings for dimensional stability from 
Chapter 5, are presented in the summary Table 7.3. Only values for the highest Tpd 
showed a direct correlation with the DS100 rankings, and the means for the three 
highest showed a closer correlation (trend) than for all five runs. 
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Table 7.3. Summary table of data from Experiment 7.3.DSC peak temperatures of 
decomposition (Tpd) for the set gel of six dental alginates.  The alginates are listed in 
order of highest value for dimensional stability (from Chapter 5), with the DSC results, 
where “D100” is the distortion (%) after 100 hours’ storage, “Tpd” is the highest value 
for Tpd of the five tests, “Tpd (5)” is the mean Tpd of the five tests, and “Tpd(3)” is the 
mean of the three highest recordings of the five tests. Note that the results for Tpd show 
a strong correlation with the results for dimensional stability from Chapter 5. 
  D100 
Tpd 
highest 
Tpd (5) 
Mean 
 
SD 
Tpd (3) 
Mean 
 
SD 
A 0.324 249.8 236.66 7.30 242.48 7.05 
B 0.536 248.1 239.03 6.44 242.38 4.98 
C 0.561 245.2 204.88 25.52 218.88 23.45 
D 0.768 237.4 219.70 14.02 226.76 9.23 
E 0.832 233.2 225.09 5.98 228.38 5.53 
F 0.881 225.8 199.00 19.18 209.68 16.83 
 
 
7.6.4 Experiment 7.4 - DSC of the Dental Alginate Powders 
Aim 
The aim of Experiment 7.4 was to test by DSC the dry powders of the test alginates to 
determine if there were any features of the thermograph that were an indicator of 
dimensional stability. 
 
Materials and Methods 
The samples and DSC procedure were the same as for Experiment 7.3. Ten mg samples 
of the powder for all six alginates were tested using the standard method previously 
described as for the mixed gel.  As for Experiment 7.3, five samples of each powder 
were tested, and the highest value for peaks recorded (assuming the same problems with 
the sample pan seal would apply as for Experiment 7.3). 
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Results 
One exothermic and two endothermic definitive peaks could be measured (Figure 7.7), 
and the results are summarised (together with the dimensional stability rankings from 
Chapter 5) in Table 7.4, and shown graphically by DSC thermogram overlay in Figure 
7.8. There was no strong correlation between peak values for powder and dimensional 
stability, but there was a trend for the most dimensionally stable samples to have higher 
values for the exothermic peak, and lower values for the endothermic peaks (the two 
most dimensionally stable alginates had the highest ExoT values). 
 
There was no significant correlation (negative) between D100 and the 
exothermic peak (rs = -0.77, p = 0.072), but this could be considered a trend.  A negative 
correlation indicates that as one value increases, the other decreases. The same applied 
for D100 and the first endothermic peak, and, whilst not significant, was a trend (rs = 
0.77, p = 0.072), however this time it is a positive correlation – indicating that as D100 
values increase, so do the first endothermic peak values. 
 
There was a significant correlation between D100 and the second endothermic 
peak (rs = 0.89, p = 0.019).  This is a positive correlation, meaning that as the value of 
D100 increases, the value of the second endothermic peak increases (which is clear 
from Table 7.4). 
 
Discussion 
There are no reports of DSC studies for dental alginate powders in the literature. Whilst 
these results show there was no strong correlation between rankings for DSC of the 
powders with dimensional stability rankings, the trends are probably sufficient to 
warrant further investigations using larger test numbers.  
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Figure 7.7. DSC Thermograph of a dental alginate powder. 
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Figure 7.8. DSC Thermographs of the dental alginate powders overlaid. 
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7.6.5 Summary of all Results for DSC of Gels and Powders, and 
Conclusions 
The results for all Chapter 7 experiments are summarised in Table 7.5. When used to 
rank the test samples according to thermal stability, all indicators displayed some degree 
of correlation or trend with the rankings for dimensional stability (Chapter 5), The most 
reliable measurement, Tpd, also had the best correlation with dimensional stability, and 
was in fact a direct indicator of relative dimensional stability. 
 
Table 7.4. Summary table for Experiment 7.4 DSC of the dental alginate powders, 
where “D100” is the dimensional stability after 100 hours, “ExoT” is the powder 
exothermal peak, “Endo1” is the first endothermic peak, and “Endo2” is the second 
endothermic peak. 
Sample D100 ExoT EndoT1 EndoT2 
A 0.324 247.05 197.5 153.7 
B 0.536 240.46 193.3 153.1 
C 0.561 218.51 185.8 161.6 
D 0.768 219.24 210.6 168.4 
E 0.832 225.43 215.2 164.3 
F 0.881 216.87 234.2 170.1 
 
 
Table 7.5. Summary table of the results of all DSC experiments, both powder and gel, 
where “D100” is the distortion after 100 hours’ storage, “Tpd(h)” is the highest value 
for Tpd of the five runs, “Tpd(m)” is the mean Tpd,  “Tpd(3)” is the mean of the three 
highest recordings of the five runs, “ExoT” is the powder exothermal peak, “Endo1” is 
the first endothermic peak, and “Endo2” is the second endothermic peak.  
 D100 ExoT EndoT1 EndoT2 To(h) To(m) Tpd(h) Tpd(m) Tpd(3) 
A 0.324 247.05 197.5 153.7 222.56 196.41 249.8 236.27 241.57 
B 0.536 240.46 193.3 153.1 198.89 141.06 248.1 237.25 239.17 
C 0.561 218.51 185.8 161.6 133.97 128.02 245.2 199.54 227.56 
D 0.768 219.24 210.6 168.4 136.29 136.22 237.4 221.02 221.64 
E 0.832 225.43 215.2 164.3 185.26 166.86 233.2 222.09 209.21 
F 0.881 216.87 234.2 170.1 139.56 199.54 225.8 197.21 206.71 
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7.7 Discussion 
These studies support the work of Shah et al. (1996) on the thermal stability of sodium 
alginate (as applied to wound dressings) using characteristic decomposition 
temperatures, who found that the overall thermal stability of the different graft 
copolymers of sodium alginate was directly related to (that is, an indicator of) co-
polymer stability. 
 
Xi et al. (2000) studied the thermal decomposition of (non-dental) sodium 
alginate, reporting four stages: dehydration at 60 – 1700C, dissociation (decomposition) 
into intermediates at 220 – 280oC, further dissociation and partial carbonisation at 300 – 
3700C, and formation of Na2O around 560oC. In this study, very similar results were 
obtained in the 60 – 1700C range with TGA, and the 220 – 280oC stage with DSC. The 
latter produced the decomposition peak that best facilitated the comparative studies. 
 
The results of these experiments show that the DSC can be used to measure the 
relative thermal stability of dental alginate impression materials. Values for peak 
temperatures of decomposition (Tpd) for the set gels are different for different alginates, 
and are an indicator of relative dimensional stability, where in those alginates with 
higher Tpd also have the better dimensional stability. It can therefore be concluded that, 
if a failsafe laboratory mechanism for sealing the sample pan can be developed 
(enabling reliable one-off sample testing), then the DSC Tpd will be a convenient and 
reliable method of quickly assessing the relative dimensional stability of dental alginate. 
 
7.7.1 Relative Dimensional Stability 
DSC Tpd can only be used comparatively to obtain values relative to other samples, 
meaning that one alginate must be compared to another using the same DSC instrument 
and calibrations, and the alginate with the highest Tpd will be the most thermally stable, 
and therefore the most dimensionally stable. Also, if a dental alginate is to be tested for 
the effect of a variable or new ingredient on dimensional stability, then the original 
sample would be tested first, and Tpd recorded, then the test sample tested and the Tpd 
recorded. If the Tpd for the test sample is higher than the original sample, then the effect 
of the variable or new ingredient is to increase dimensional stability. 
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When compared to the traditional method of assessing dimensional stability 
using a travelling microscope to measure a linear grid (see Chapter 5), the comparative 
correlation was very high. The advantage of using DSC to evaluate dimensional 
stability is efficiency. Tpd measurements can be obtained in less than half an hour, 
where as the optical method can require more than 100 hours, when testing for 100-hour 
dimensional stability. 
 
7.7.2 DSC Procedural Difficulties 
The advantages of DSC (over other forms of thermal analysis, including the TGA used 
in Chapter 6) for this study are that it is fast ( a wide range of temperatures in minutes), 
requires only small samples (less than 10 mg), produces easy-to-measure enthalpy 
peaks, and has a simple computer analysis program. 
 
The only disadvantage encountered with the DSC experiments on dental 
alginates was the difficulty in achieving a reliable hermetic seal for the sample pan. The 
“crimping” clamp supplied with the DSC 2920 relied on high levels of manual dexterity 
to align the two halves of the pan, and apply the correct pressure for optimum seal. 
There is a need for the manufacturer to produce an automatic mechanical device to 
eliminate the need for such dexterity, and enable reliable sample preparation. 
Fortunately, it was possible to easily determine from a peculiarity of the DSC 
thermographs (an early departure from the baseline before the onset of decomposition) 
when a faulty pan seal had occurred, and the experiment could be repeated. 
 
7.7.3 Summary 
In summary, it has been shown that DSC Tpd measurements can be used to rapidly and 
conveniently assess the relative dimensional stability of dental alginates more efficiently 
than traditional optical methods. The problem of the reliability of the seal of the DSC 
sample pan achieved by the hand press should be easily overcome by the development 
of an automated sample-pan preparation method. 
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Chapter 8 
 
The Effect of Water / Powder Ratio on Dimensional Stability: 
A Practical Application of Thermal Analysis of Dental Hydrocolloids 
 
 
8.1 Introduction 
Dentists vary (usually increase) the recommended water/powder ratio (w/p) of dental 
alginates to change the clinical properties to suit particular clinical needs. The effect of 
these changes on the accuracy of dental alginates is well documented (Skinner, 1956), 
but their impact on dimensional stability has not been systematically investigated. The 
clinical properties affected by increases to the w/p have been reported by Buchan and 
Peggie (1966) as increased: 
 
• viscosity ("flowability")  
• working time (to seat in the mouth before set)  
• ease of removal from the mouth after set  
• cast surface quality (smoothness) 
 
and decreased strength (tear resistance).  
 
It would be useful to determine the effect of these changes to w/p on 
dimensional stability, as advantages gained may be balanced by a loss of dimensional 
stability, possibly detracting from the anticipated outcome. 
 
The experiments presented in Chapter 7 confirmed that the DSC is a more 
convenient method (than the traditional “optical” method) for measuring the 
dimensional stability of dental alginates, and therefore could be the method of choice 
for determining the effects of variables (for example, w/p) on dimensional stability. 
 
The aim of this series of experiments was to measure the effect of changes to 
w/p on the dimensional stability of five locally available dental comparing results using 
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the DSC peak temperature of decomposition (Tpd) method (described in Chapter 7) to 
confirm that Tpd is an accurate indicator of dimensional stability, and in this case, of the 
effect of changes to w/p on the dimensional stability of dental alginates. 
 
As discussed in Chapter 7 (Section 7.1), Tpd is a measure of the ability of a 
substance to resist thermal decomposition. The higher the Tpd, the more heat has been 
required to decompose the substance, the more resistant the substance is to thermal 
decomposition, the greater the thermal stability (Wendlandt 1986). If Tpd is reduced as 
the result of a change to a variable, then that change has reduced thermal stability. It is 
likely the same change will reduce dimensional stability proportionally.alginates, using 
the conventional optical travelling microscope method (described in Chapter 5), then  
 
It is hypothesised that changes to the recommended w/p will cause changes in 
dimensional stability, which will be detected by the optical method, and confirmed by 
proportional changes to DSC Tpd. Five sample dental alginates were chosen:  
 
• Sample A from Chapter 7, as it was the most dimensionally stable of the 
samples tested, and has a relatively low w/p  
• three alginates with similar mid-range w/p, samples D, E, and F from Chapter 7 
• a high w/p alginate, sample G (not tested in the Chapter 7 experiments). 
 
Experiment 8.1 employed the optical method to measure the dimensional 
stability of five different locally available dental alginates with variations to the 
recommended w/p. The powder content remained constant, and the water content was 
varied by ± 10% from that recommended by the manufacturer. A sample of the 
recommended w/p (0% variation) was tested and recorded as the base reference. Whilst 
four of the samples used in these experiments were the same brands as for the 
experiments in Chapter 5, they were different batches, and it was therefore expected that 
there might be minor differences in the results for the recommended w/p. 
 
Experiment 8.2, run in conjunction with Experiment 8.1 (in that a sample of 
each mix for optical testing was taken for DSC testing) measured the Tpd of each 
sample by DSC, using the protocol outlined in Chapter 7. The scope of the experiments 
was chosen to be within the practical w/p range used in everyday dental practice.  
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Within Experiment 8.2, as an initial exercise to investigate the effect of broader 
changes to w/p, the first sample to be tested, sample A, was also tested for samples with 
± 5% and 15% variations to w/p, as an observation of the incremental effect of change 
to the w/p. These results were not tabulated for comparison, as there were no equivalent 
results for dimensional stability.  
 
 
8.2 Materials and Methods 
8.2.1 Preparation 
The instrumentation and samples for the optical testing for dimensional stability were 
prepared and measured as for the experiments in Chapter 5, and those for DSC testing 
for thermal stability as for Chapter 7. 
 
Dental Alginates 
The five sample dental alginates, with recommended and varied w/p, are listed in Table 
8.1. 
 
Table 8.1. Summary of the dental alginates used with the recommended and varied 
water/powder ratios. “w/p” is the water/powder ratio recommended by the 
manufacturer, and “Water recommended, 10% and -10%” are the volumes of water in 
millilitres used for 0% variation, 10% more and 10% less water, than recommended. All 
values are +0.05 ml. Manufactures’ details are listed at Appendix “A” in Chapter 9. 
Alginate A E D F G
   
w/p (ml/g) 20/9 20/8.4 34/14.2 20/8.4 17/6.7 
      
Water recommended 20 20 34 20 17 
+10% 22 22 37.4 22 18.7 
-10% 18 18 30.6 18 15.3 
 
 
8.2.2 Protocol 
Introduction 
The object of this series of experiments was to investigate the effect of varying the w/p 
on the dimensional and thermal stability of dental alginates, and to assess the 
relationship between results from the optical and thermal methods of measurement. The 
purpose of Experiment 8.1 was to measure the effect on dimensional stability of varying 
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w/p, using the conventional optical method as laid down in the IS and modified for the 
Chapter 5 experiments. Experiment 8.2 measured the DSC Tpd of the same samples as 
Experiment 8.1, with the addition of the ± 5% and 15% variations to w/p for Sample 
“A”, and the results were compared. 
 
Experimental Procedure 
The procedure for Experiment 1 was the same as in Section 5.2.2 in Chapter 5, except 
that only three mixes of each sample were tested (as reproducibility had been proven in 
the experiments reported in Chapter 5), and a mean computed. All samples were 
measured for dimensional stability after 100 hours’ storage at 100% relative humidity, 
and ambient temperature. 
 
For Experiment 2, the same procedure as in Section 7.2.2 in Chapter 7 was 
employed, except that the testing of each sample ceased after a satisfactory curve was 
achieved. As previously discussed, as it was possible to recognise a successful DSC 
thermograph, it was not necessary to repeat the testing beyond the production of an 
ideal thermograph. 
 
8.2.3 Methods of Measurement 
The travelling optical microscope was used to measure the dimensional stability of the 
dental alginate samples as previously described in Section 5.2.2 of Chapter 5. The DSC 
Tpd was measured from the enthalpy curves of the same samples by following the 
protocol as previously described in Section 7.2.2 of Chapter 7. 
 
8.2.4 Statistical Analysis of Data 
The effect of changing water/powder ratios on dimensional stability was assessed using 
paired “t” tests. Pearson’s correlations were performed to assess the relationship 
between dimensional and thermal stability. Alpha was set at 0.05 for all analyses. 
 
Dimensional stability data are reported as the mean ± standard deviation (SD), 
together with 95% confidence intervals of three tests for each sample. 
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8.3 Results 
8.3.1 Experiment 8.1 - Measurement of the Effect of Variation of 
Recommended Water/Powder Ratio on the Dimensional Stability of Dental 
Alginates 
The dimensional stability measurements recorded for increases and decreases in 
water/powder ratio (w/p) were different from those for the recommended w/p, for all 
five alginates tested. Table 8.2 summarises the results, and Figures 8.1 to 8.7 
graphically show the effect of the variations to w/p. Increasing w/p (10% more water) 
reduced dimensional stability (increased the % distortion) for all alginates. This 
reduction in stability was statistically significant for sample E (paired t = 15.14, df = 2, 
p = 0.004) and for sample D (paired t = 24.00, df = 2, p = 0.002), and there was a trend 
for sample F (paired t = 7.18, df = 2, p = 0.019). 
 
Reducing w/p (10% less water) improved dimensional stability for all samples 
except sample A (which changed from 0.28% distortion for the recommended w/p, to 
0.44%). For sample F (paired t = -15.27, df = 2, p = 0.004) and G (paired t = -16.62, df 
=2, p = 0.004) these improvements were statistically significant, and for GCPink (paired 
t = -7.18, df = 2, p = 0.019) and sample D (paired t = -4.59, df = 2, p = 0.044), they were 
trends towards significance. 
 
Table 8.2. Summary table for the results of Experiment 8.1. Measurement of the effect 
of variation of recommended water/powder ratio (w/p) by ± 10% on the dimensional 
stability of dental alginates. “%” is the mean percentage distortion ± the standard 
deviation (and 95% confidence intervals).  
w/p A E D F G 
  % % % % % 
   
+10% 0.33 ± 0.02 1.13 ± 0.05 0.67 ± 0.04 0.78 ± 0.04 0.83 ± 0.07 
 (0.27 - 0.39) (1.00 - 1.27) (0.58 - 0.76) (0.68 - 0.88) (0.65 - 1.02) 
   
Recommend. 0.28 ± 0.04 0.49 ± 0.04 0.33 ± 0.03 0.67 ± 0.05 0.78 ± 0.03 
 (0.17 - 0.39) (0.44 - 0.55) (0.26 - 0.40) (0.5 - 0.79) (0.71 - 0.84) 
   
-10% 0.44 ± 0.05 0.28 ± 0.03 0.28 ± 0.04 0.34 ± 0.02 0.48 ± 0.02 
 (0.31 - 0.56) (0.20 - 0.36) (0.18 - 0.37) (0.29 - 0.38) (0.43 - 0.54) 
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Figure 8.1. Summary graph of dimensional stability for the recommended and ± 10% 
change to w/p for all five test alginates. 
 
 
8.3.2 Experiment 8.2 - Measurement of the Effect of Varying w/p on the 
DSC Tpd of Dental Alginates 
The effect of ± 10%, as well as ± 5% and 15%, variations to w/p on the DSC 
thermograph for Sample “A” are illustrated in Figures 8.2 and 8.4a. It can be seen that 
none of the variations improved thermal stability (increased Tpd), and increases to w/p 
decreased thermal stability more than decreases. 
 
Five percent and 15% (variation to w/p) tests were run for observation only 
(Figure 8.2) and not tabulated, as there were no equivalent tests for dimensional stability 
for comparison. The results showed that 5% incremental (5 to 10 to 15%) changes to 
w/p produced proportional changes to Tpd. 
  
The DSC Tpd for all five samples changed when the w/p was varied. With 10% 
more water, The Tpd for all alginates decreased by an order of 20 ± 10oC. With 10% 
less water, the Tpd for Sample “A” decreased by 14oC, while for the other alginates, 
Tpd increased by 10 ± 2oC. 
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These data are summarised in Table 8.3.  
 
Table 8.3 Summary table of results for Experiment 8.2.Measurement of the effect of 
varying w/p on the DSC Tpd of dental alginate samples. Tpd is for the recommended 
w/p, Tpd+ is for 10% more water, and Tpd- is for 10% less water.  
Figures for Tpds are in oC (± 0.1 oC). 
Sample w/p Tpd Tpd+ Tpd- 
A 2.22 249.8 239.6 231.1 
D 2.39 237.4 224.8 248.2 
E 2.38 233.2 220.3 244.9 
F 2.38 225.8 216.8 235.2 
G 2.54 218.3 196.4 229.4 
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Figure 8.2. Graph of the effect of multiple changes in w/p on Tpd for Sample “A”. 
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Figure 8.3. Summary graph of Tpd for ± 10% change to w/p for all five test alginates. 
 
 
8.3.3 Comparison of Results from Experiments 8.1 and 8.2.  
The Relationship between Thermal Stability and Dimensional Stability on Change to 
w/p of Dental Alginates 
The results of Experiments 8.1 and 8.2 were compared to determine the relationship of 
thermal stability to dimensional stability, so far as they are affected by changes to w/p. 
Figures 8.4 to 8.8 illustrate individual sample comparisons, and the data is summarised 
in Table 8.4 and Figure 8.9. When considering all data points (that is, regardless of 
w/p), there was a significant correlation between dimensional and thermal stability such 
that higher dimensional stability was associated with higher Tpd, and a significant 
(negative) correlation between increased w/p and dimensional and thermal stability (r = 
-0.82, p < 0.001, n = 15). 
 
Observations 
• For Sample “A”, unlike all of the other samples, the recommended w/p gave the 
best dimensional stability, which was confirmed by the highest Tpd. 
• For Sample “A”, both increased and decreased w/p gave reduced dimensional 
stability and lower Tpd (confirming the hypothesis that dental alginates have an 
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ideal w/p for maximum dimensional stability, and that for Sample “A” it is the 
same as the recommended w/p). 
• For all other samples, increased w/p decreased dimensional stability and Tpd, 
and decreased w/p increased dimensional stability and Tpd  (and for D and E 
approaching that for Sample “A” at recommended w/p, confirming the 
hypothesis that, except for Sample “A”, all recommended w/ps are too high for 
best dimensional stability). 
• The results generally support the hypothesis that Tpd is an accurate and 
proportional measure of dimensional stability. 
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Figure 8.4a. Graph of the effect of ± 10% change in w/p on distortion for Sample “A”. 
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Figure 8.4b. Graph of the effect of ± 10% change in w/p on Tpd for Sample “A”. 
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Figure 8.5a. Graph of the effect of ± 10% change in w/p on distortion for Sample “E”. 
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Figure 8.5b. Graph of the effect of ± 10% change in w/p on Tpd for Sample “E”. 
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Figure 8.6a. Graph of the effect of ± 10% change in w/p on distortion for Sample “D”. 
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Figure 8.6b. Graph of the effect of ± 10% change in w/p on Tpd for Sample “D”. 
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Figure 8.7a. Graph of the effect of ± 10% change in w/p on distortion for Sample “F”. 
 
 
 
CHAPTER 8 The Effect of Water / Powder Ratio on Dimensional Stability: A Practical Application 162
 
ALGINATE:         Sample F
Water/powder ratio
-10%Recommended10%
Tpd 
240 
230 
220 
210 
 
 
Figure 8.7b. Graph of the effect of ± 10% change in w/p on Tpd for Sample “F”. 
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Figure 8.8a. Graph of the effect of ± 10% change in w/p on distortion for Sample “G”. 
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Figure 8.8b. Graph of the effect of ± 10% change in w/p on Tpd for Sample “G”. 
 
 
The relationship between dimensional and thermal stability was then explored 
for the recommended w/p, 10% or 10% minus separately (see Figures 8.10 – 8.12). 
Significant negative correlations were observed for the recommended w/p (r = -0.96, p 
= 0.011, n =5) and a 10% reduction in w/p (r = -0.94, p = 0.019, n = 5), but not for a 
10% increase in w/p (r = -0.58, p = 0.304, n =5). From visual inspection it was apparent 
that Sample “E” was an outlier for this final comparison. The correlation was rerun 
excluding Sample “E”, however the association remained non-significant, perhaps due 
to the reduced sample size (r = -0.89, p = 0.109, n =4). 
 
Finally, the relationship between the recommended water/powder ratios and Tpd 
was examined from the data in Table 8. There was a significant negative relationship 
between w/p and Tpd, such that the alginate with the highest w/p (Sample “G”) had the 
lowest Tpd, and, conversely, the alginate with the lowest w/p (Sample “A”) had the 
highest Tpd (r = -0.59, p =0.021, n = 15). 
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Table 8.4. Summary tables of data from Experiments 8.1 and 8.2 Comparison of 
dimensional stability and thermal stability measurements for five alginates. Data are 
presented both longitudinally and horizontally. Tpd is the peak temperature of 
decomposition for the recommended w/p, Tpd+ is for 10% more water, Tpd- is for 
10% less water. Dimensional stability is measured as a percentage change for the 
recommended w/p it is DSr%, and 10% more and less water 10%+DS and 10%-DS 
respectively. 
Sample w/p DSr% Tpd 10%+DS Tpd+ 10%-DS Tpd- 
A 2.22 0.28 249.8 0.33 239.6 0.44 231.1 
D 2.39 0.33 237.4 0.67 224.8 0.28 248.2 
E 2.38 0.49 233.2 1.13 220.3 0.28 244.9 
F 2.38 0.67 225.8 0.78 216.8 0.34 235.2 
G 2.54 0.78 218.3 0.83 196.4 0.48 229.4 
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Figure 8.9. Summary scatter graph of Tpd against dimensional change (% distortion) 
for all three w/p variations for all five test alginates. Apart from one point for Sample 
“E”, there is a significant (negative) linear correlation between Tpd and dimensional 
stability. 
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Figure 8.10. Summary scatter graph of Tpd at recommended w/p against dimensional 
change for all five test alginates. 
 
Tpd
250 240230220210200190 
    % 
distortion
1.2 
1.0 
.8 
.6 
.4 
.2 
Alginate 
G 
F 
D 
E 
A 
 
 
Figure 8.11. Summary scatter graph of Tpd at 10% plus w/p against dimensional 
change for all five test alginates. Note that Sample “E” is an “outlier”. 
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Figure 8.12. Summary scatter graph of Tpd at 10% minus w/p against dimensional 
change for all five test alginates. Note that only Sample “A” suffers a decrease in 
dimensional stability (and Tpd), but is still more stable than an improved Sample “G”. 
 
 
8.4 Discussion 
The results of these two experiments show that the dimensional stability and thermal 
stability of dental alginates are affected proportionally by changes to the recommended 
water/powder ratio (w/p), with a significant correlation. This finding thus supports the 
existence of the postulated direct relationship between dimensional stability and thermal 
stability. 
 
These results also show that DSC Tpd is a convenient and appropriate method of 
rapidly assessing the relative effects of changes to a variable on dental alginate 
dimensional stability. 
 
Clinically, it was shown that, apart from Sample “A” (for which it is assumed 
the w/p is set by the manufacturer for maximum stability), for all samples tested lower 
w/p resulted in better dimensional stability (and the opposite for increased w/p), with 
two samples achieving the same stability as Sample “A”. These results suggest that, 
when the “ideal” w/p (w/pi) is determined for each alginate, the dimensional stabilities 
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will be very similar, and the dentist can stock just one brand of dental alginate, and vary 
the w/p to achieve maximum dimensional stability when it is not possible to cast (pour 
up with dental stone) the impression within a few hours, and up to storage times (in 
100% humidity) of 100 hours.  
 
These results also support the notion that the bi-laminar impression technique 
(discussed in Section 2.1.4), when the “ideal” w/p is used for the alginate component, 
will rival the newer, more expensive elastomeric materials as the most appropriate 
impression system for fixed prosthodontics, as the dimensional stability problem can be 
significantly reduced, and the advantages of the hydrophilic properties of hydrocolloid 
become the deciding factor. 
 
Whilst still following the trend (increases in Tpd indicate proportional increases 
in dimensional stability), Sample “E” showed a different relative proportional change 
for a 10% increase in w/p, in that the decrease in dimensional stability (0.64% distortion 
to 1.13%) was much greater than the decrease in Tpd might indicate (233.2 to 220.3oC). 
By comparison, a 10% increase in w/p for Sample “F” caused the distortion to increase 
from 0.67 to 0.78%, and the Tpd to decrease from 225.8 to 216.8oC. More importantly, 
the changes to dimensional stability and Tpd for sample E for a 10% decrease in w/p 
were exactly as expected (were significantly proportional). This result may indicate that 
the relationship between dimensional stability and thermal stability (Tpd) is more 
directly proportional and reliable at lower w/p, and closer to the “ideal” w/p for 
dimensional stability (and therefore also thermal stability). This finding might be 
explained by the possibility that dimensional stability is more affected by higher levels 
of unbound water than is thermal stability, and also that different formulations bind free 
water to varying degrees. 
 
It was apparent (the trends indicated) that there is an “ideal” w/p for maximum 
dimensional stability for all dental alginates, that in the case of Sample “A” was very 
close to that recommended by the manufacturer. For Sample “D” and “E” it was 
probably close to 10% less water, for Sample “F” probably closer to 15% less water, 
and for Sample “G” probably a little more than a 15% reduction. Further tests, using the 
techniques developed in this study, and decreasing the w/p by (say) 1% increments, 
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would determine the “ideal” water/powder ration (w/pi) within ± 0.05% for any given 
sample alginate.   
 
Adding more water to the samples decreased dimensional stability in every case, 
confirming the contention that the manufacturers (with the exception of that for Sample 
“A”), set a higher than ideal (for dimensional stability) recommended w/p to maximise 
other clinical properties. 
 
8.4.1 Explanation for Effect of w/p on Dimensional Stability 
It is probable that maximum dimensional stability (and thermal stability) is achieved 
when the alginate matrix is saturated with bound water, with no free (extra) water 
(Anseth 1996). In other words, just enough water is used to maximise the bound water 
(stable) potential, with no excess (unbound) water in the interstitial spaces, nor shortage 
of water molecules to occupy all bound water sites. It is important to minimie unbound 
water (reduce w/p) to reduce continued polymerisation and therefore contraction 
(Anseth 1996). The reaction is unable to continue to completion, as available water is 
limited.   This situation would create the most stable configuration, with maximum 
rigidity of the matrix coupled with minimal destabilising extra water that is easily lost 
by evaporation and syneresis, or potential to absorb water to unbounded sites. Both loss 
and gain of water by a set alginate will produce distortion. Therefore, the non-
equilibrium feature (Smidsrød 1973), the equilibrium modulus, and the sub-optimal 
cross-linking (Andresen et al. 1977) of alginates discussed in Chapter 2, can probably 
be explained in terms of optimal water/powder ratio.  
 
Furthermore, the recent work by Thomas and Fellows (2004) using Nuclear 
Magnetic Resonance (NMR) spectroscopy to investigate the environment of water 
molecules in the matrix of a commercial dental alginate (Chapter 2, Section 2.5.5), 
suggests a low (lower than the recommended) water/powder ratio would enhance 
stability.  
 
Chinachoti (1993) found that hydrogels (in food) with higher proportions of 
bound water were the more stable, but the mechanisms are not well understood. He also 
showed that as water content (proportion) increases, both bound and unbound values 
increase nonlinearly, and may converge toward 100% water content. This is interesting 
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and most important for assessing the functional properties and stability of hydrogels. It 
may be that at w/pi the said “convergence” of the two types of water content occurs. 
 
In Chapter 2 (Section 2.5) the various categories (bound, unbound, freezable, 
non-freezable etc.) of the water content of hydrocolloids were discussed (Slade & 
Levine 1991; Bhaskar et al. 1998).  This study has confirmed that the water content of 
dental alginates is critical to the property of dimensional stability. It is probable that 
w/pi occurs when the various types of water states are in specific proportions, and 
thermal analysis (in conjunction with other modalities such as NMR) might be used to 
study these proportions to discover an even more convenient indicator of dimensional 
stability than DSC Tpd.  
 
In addition, the dynamic behaviour of water in starch has been studied (Chapter 
2, Section 2.5) using NMR by Chinachoti (1993). At lower water concentrations water 
motion slows, indicating "bound" water arising from hydrogen bonding, but direct 
measurements of the molecular dynamics have yet to be developed.  In a more 
concentrated system, water would be expected to move more freely in the "unbound" 
state. A two-phase, fast exchange model of free and bound water usually fits well for 
systems with high moisture content such as alginate (Schmidt & Lai 1991). In low 
moisture ranges, information is limited.  Water mobility, as determined by NMR, could 
be studied as another possible indicator of dimensional stability of dental alginates.  
 
Hatakeyama et al. (1988) analysed quantitatively by DSC bound water in 
polymers and polymer complexes, showing that a shift in melting and decomposition 
temperature may be related to the strength of binding of water molecules to polymer 
chains. The melting temperature increased with increased water content, but this study 
stopped short of the high percentages of water (up to 80%) found in dental alginates. 
The three water phases in polymers (free or interstitial, bound or unfreezable, and 
unbound or freezable) were confirmed. These phases have not been studied for dental 
alginates. It is likely that the dimensional stability of dental alginates will be directly 
linked to the strength of binding of water molecules to the matrix. 
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8.4.2 Explanation for Effect of w/p on Thermal Stability 
It is probable that those processes that affect dimensional stability also affect thermal 
stability, and that the DSC simply accelerates these decomposition processes. Xi et al. 
(2000) studied the thermal decomposition of sodium alginate, reporting four stages: 
dehydration at 60 – 170oC, dissociation into intermediates at 220 – 280oC, further 
dissociation and partial carbonisation at 300 – 370oC, and formation of Na2O around 
560oC. It is therefore likely that the DSC Tpd observed for dental alginates in this study 
is a combination of dissociation and carbonisation, and can be conveniently referred to 
as "decomposition". 
 
8.4.3 Determination of Ideal w/p 
Ideal w/p (for dimensional stability), “w/pi”, can only be determined by incremental 
trial-and-error testing, whereby small amounts of water are added to sequential mixes 
until the percentage dimensional change is at absolute minimum.  Conventional optical 
microscopy after storage time lapse is a tedious and time-consuming process. It has 
been shown that thermal stability, as measured by DSC Tpd (by an experienced 
operator), especially in the lower ranges of w/p, is a fast, accurate, and reliable indicator 
of dimensional stability. 
 
These results show that it is most likely that the recommended w/p for Sample 
“A” is less than the average for other commercial dental alginates, and has been 
determined by the manufacturer to produce maximum dimensional stability, with less 
regard to clinical properties (it is a very stiff material when set, and difficult to remove 
from the mouth).   Furthermore, it has been shown in this study that if less water is used 
when mixing other dental alginates, they also approach (and in the cases of Samples 
“D” and “E”, equalled) the same higher values for dimensional stability as Sample “A”. 
Therefore, it is most likely that, if the w/pi for maximum dimensional stability was 
determined for all commercial dental alginates, the results would be very similar and the 
dentist would need just one brand of alginate, with recommended variations to w/p to 
maximise various properties, indicated on the label. The situation at present is that 
dentists are not aware that the recommended w/p for most dental alginates is relatively 
high to achieve good working properties (viscosity, surface smoothness and 
“removability”), at the expense of optimum dimensional stability and, especially if they 
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add more water still to accentuate these clinical properties, they must cast the 
impression immediately to avoid accelerated loss of stability. 
 
8.4.4 Clinical Significance of Varying w/p 
There is no guidance for clinicians in the literature as to the effect on dimensional 
stability if the w/p of dental alginate impression material is increased. This study 
suggests that the effect would be to decrease dimensional stability and therefore the risk 
of a poor fit of any prosthesis, if the impression were stored for more than an hour 
before casting. The effect of excessive “unbound” water (decreasing stability) on 
alginates has been discussed in Section 8.4.1. 
 
8.4.5 Summary of Conclusions 
In summary, it has been shown that changes to w/p cause changes to dimensional and 
thermal stability, and confirmed that DSC Tpd is an accurate indicator of relative 
dimensional stability. For all but one of the samples, decreasing the w/p by 10% 
improved stability. DSC Tpd can be used to measure these changes more conveniently 
than traditional optical methods. It was postulated that DSC Tpd could be used to 
determine the appropriate w/p (“w/pi”) for maximum dimensional stability for any 
given alginate, as well as the effect on the dimensional stability of changes to other 
variables.  
 
It was also concluded that when the w/p for maximum dimensional stability 
(w/pi) for all commercially available dental alginates is determined, their dimensional 
stability values would most likely be very similar, and the dentist may be able to stock 
just one dental alginate, and vary the w/p to achieve a variety of combinations of 
clinical properties. 
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Chapter 9 
 
General Summary 
 
 
The questions that were asked at the beginning of this thesis centred on (given that there 
is no international standard) whether it was possible to adapt traditional optical and 
modern thermal analysis methods for measuring the dimensional stability of dental 
alginate impression materials. The purpose of this question was that there has recently 
been introduced into the practice of dentistry for fixed prosthodontics the convenient 
"bi-laminar" impression technique, a combination of the hydrocolloids agar and 
alginate, that is accurate, but is well known to suffer from dimensional instability. This 
means the clinician must pour up impressions within an hour for maximum stability, 
and within two hours for acceptable results, and future research will be aimed at 
increasing the stability of the major component of the bi-laminar technique, alginate.  
 
Therefore, to aid future research, it is desirable to develop techniques to assess 
the dimensional stability of hydrocolloids more rapidly than the current cumbersome 
optical techniques specified in the international standards for elastomers, whereby the 
test material must be stored for the time period under investigation (up to 100 hours), 
then painstakingly measured for distortion under a travelling microscope. 
 
As thermal analysis has been employed to rapidly study the thermal stability of 
many polymers, and it was thought that for polymers, thermal stability may be related to 
dimensional stability, it was postulated that “thermal stability is an indicator of 
dimensional stability for dental alginates” and “thermal analysis is a more convenient 
method (than the optical method) of measuring the dimensional stability of dental 
alginate”. 
 
The answers to the questions were arrived at in several ways. In a fundamental 
sense it became necessary to gain an appreciation for the theory and practice of 
hydrocolloid behaviour, as well as the thermal analysis of hydrogels. These 
fundamentals were the subject matter of Chapters 2 and 3.  In particular, the theory of 
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the behaviour of the water content of hydrocolloids was emphasised.  As the postulated 
direct relationship between thermal stability and dimensional stability was due to the 
physical properties resulting from water content, an accepted explanation of this 
phenomenon was presented, along with a recommendation of the limitations of the 
applications of the measurements from thermal analysis to qualification and comparison 
only.  It would be shown later in the thesis that this theory had practical application 
when studying the effects of a variable on the dimensional stability of dental alginates. 
 
In an academic sense, Chapter 3 explored the literature that supported the 
subject matter of thermal analysis in polymer science. Particular emphasis was given to 
a review of that literature concerning the application of TGA and DSC to hydrogels. An 
important conclusion from this review was that, whilst there were many studies on other 
hydrogels, particularly starch, there were very few studies of dental alginates using 
thermal analysis. Furthermore, the review helped focus attention onto the need to 
develop sophisticated methods of measuring dimensional stability of dental alginates, if 
they are to realise their full potential for modern dentistry. As well, it became clear that 
the dimensional stability of dental alginates will need to be improved if it is to comply 
with modern standards of performance of fixed prosthodontics. 
 
In the light of the above, Chapter 4 set a series of objectives which would, on the 
one hand, attempt to answer the questions posed experimentally, and on the other, 
attempt to practically develop a convenient thermal analysis method to measure the 
dimensional stability of dental alginates, then to prove its viability by using it to assess 
the effect of a variable. To achieve this aim, it was necessary to firstly prove the optical 
technique for elastomers could be adapted to alginates, then to measure and rank six 
dental alginates according to dimensional stability, and to compare these rankings with 
those obtained for thermal stability. 
 
The series of experiments presented in Chapter 5, using the standard traditional 
optical method, established that six commercially available dental alginates, when 
mixed according to the manufacturers' instructions, had different values for, and could 
be ranked according to, dimensional stability.  The experiments were also designed to 
confirm that the optical techniques were cumbersome and time-consuming, and that a 
more efficient method would be desirable. It was suggested that thermal analysis, as it is 
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used to measure thermal stability, might be that method. A series of experiments was 
designed to investigate, and the results reported in Chapters 6 and 7. 
 
The TGA and DSC experiments showed that, while all types of thermal 
investigation show a direct relationship between thermal stability and dimensional 
stability, and were more convenient than optical measurements, dynamic differential 
TGA (the temperature at the peak of the derivative curve “Td”), and DSC (the 
temperature at the peak of the curve of decomposition “Tpd”), had the most potential to 
replace the optical methods. It was suggested that, as the peak of a DSC thermograph 
was sharper and more confidently measured than the peak of the TGA differential 
curve, the Tpd of the DSC thermograph was the most accurate method to establish a 
qualitative comparison on the dimensional stability of dental alginates. However, 
because of the problems with DSC sample-pan seal, several samples had to be tested to 
be confident that the highest Tpd had been achieved.  Therefore, until the DSC sample-
pan problems are solved, the TGA differential curve peak may be the more convenient 
(as it requires just one sample test run) indicator for rapid assessment of alginate 
dimensional stability. 
 
The dental alginate that produced the highest value for thermal and dimensional 
stability was Sample “A”, and this alginate was proposed as the benchmark for future 
comparative studies on dental alginates after analysis of results from the experiments 
reported in Chapters 5, 6, and 7. However, it was suspected that Sample “A” may have 
been allocated (as the recommended) the ideal w/p (“w/pi”) for dimensional stability by 
the manufacturer, and that if the appropriate w/pi was determined for the other sample 
alginates, and they were retested, the dimensional stabilities might all be very similar to 
Sample “A”. Therefore, it was postulated that “all dental alginates have a w/pi for 
optimal dimensional stability, and that optimal dimensional stability will be similar”, 
and a series of experiments was designed to test the hypothesis. 
 
Chapter 8 reported the results of the experiments on changes to w/p, and 
confirmed that: 
• changes to w/p affect dimensional stability 
• dental alginates have a w/pi for dimensional stability 
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• for all other (than Sample “A”) samples, the recommended w/p was greater than 
the w/pi 
• the manufacturers had recommended w/ps higher than wpi  to achieve more 
favourable (other than maximum dimensional stability) clinical properties  
• when the w/p was reduced, the results for dimensional stability testing improved, 
and some samples approached those for Sample “A” 
• DSC Tpd was an accurate indicator of the changes to dimensional stability 
resulting from changes to w/p.  
 
More importantly, when w/p was increased, all test alginates suffered a decrease 
in dimensional stability. It is common for dentists to slightly (up to 10%) increase the 
recommended w/p to improve even further some clinical properties (or sometimes 
accidentally). This study confirms this practice is very risky (the prosthesis fabricated 
will not fit) if the impression so produced is not poured up within the hour. 
 
In conclusion, the results of this thesis appear to provide evidence which 
confirms: 
 
1. That the optical methods used to measure the dimensional stability of dental 
elastomers can be adapted to dental alginates. 
 
2. That dental alginate impression materials can be ranked according to 
dimensional stability. 
 
3. That thermal analysis methods used to measure the thermal stability of polymers 
can be adapted to dental alginates. 
 
4. That some thermal stability measurements are a proportional indicator of 
dimensional stability for dental alginates, and that the proportionality was more 
significant at lower w/p. 
 
5. That dental alginates can be ranked for the property of dimensional stability, 
using thermal analysis techniques. 
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6. That DSC Tpd is the most accurate and convenient thermal indicator of the 
dimensional stability of dental alginates. 
 
7. That the TGA differential curve peak is also a convenient indicator of the 
dimensional stability of dental alginates. 
 
8. That of the six alginates tested, Sample “A” was the most stable at w/p and 
could be used as a benchmark for future comparative studies. 
 
9. That for dental alginates, there is a w/pi at which dimensional stability is 
maximised and may approach the suggested benchmark. 
 
10. That variations to the manufacturer-recommended w/p of dental alginates can 
affect the dimensional stability, and these effects are most conveniently 
measured using thermal analysis techniques. 
 
11. If a reliable automated technique for the DSC sample-pan seal is developed, then 
DSC Tpd would become the indicator of choice for the measurement of the 
dimensional stability of hydrogels in general, and dental alginates in particular. 
 
12. The hypothesis "that thermal analysis techniques can be used to measure the 
relative dimensional stability of dental alginates" has been proven. 
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Appendix A: Details of Test Alginates 
 
A: Kromopan 100, by Kromopan Inc. 1265 Rand Road, Des Plaines, Illinois, USA 60016, 
from Dentsply Australia 
 
B: Algident, by 3M ESPE, 950 Pacific Highway, Pymble, Australia 
 
C: Orthalgenat, by Dentaurum J.P., Winkelstroeter kg 
 
D:  Blueprint, by de Tray, Germanay, from Halas, Australia 
 
E: GCPink, by GC Corp. 76-1, Hasunuma-cho,Tokyo 174-8585 Japan, from Dentsply 
Australia  
 
F: Aroma Fine by GC Corp. 76-1, Hasunuma-cho,Tokyo 174-8585 Japan, from Dentsply 
Australia 
 
G: Tokusoa by Tokuyama Dental Corp, Tokyo Head Office(Shibuya)  
Shibuya Konno Bldg. 3-3-1, Shibuya Shibuya-ku, Tokyo 150-8383 Japan.  
 
 
 
Manufacturer’s recommended water powder ratios for the dental alginates tested, 
expressed as mls of water to grams of powder. 
 
Alginate Sample Water 
(mls) 
Powder 
(grams) 
 Ratio 
      
Kromopan 100 A 20.0 9.0  2.22 
Algident B 23.0 10.0  2.30 
Orthalgenat C 12.6 6.0  2.10 
BluePrint D 34.0 14.2  2.39 
GCPink E 20.0 8.4  2.38 
Aroma Fine F 20.0 8.4  2.38 
Tokusoa G 17.00 6.7  2.54 
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Appendix B: Details of the TGA Procedure 
 
1. Check TGA “Power” and “Heater” switches on and is clear for new experiment. 
2. Check purge gases (nitrogen/oxygen at 60 and 40 mL min-1), humidifier, and 
humidity measuring instrument are connected. 
3. Check computer screen is set for TGA (module “1”) and not DSC, then press  
“Instrument Control” to begin setup. 
4. Press “F4” to set sample parameters, then “F8” to accept. 
5. Press “F2” to select method to rapid ramp to selected temperature, then  
Isometric or Dynamic for duration of experiment, then “F8” to accept. 
6. Press “F5” to edit method (set “time”, “temperature” and “File Name”), then 
“F8” to accept. 
7. Press “Escape” to return to experimental parameters. 
8. Press “Tare” on TGA to calibrate. 
9. Weigh out the specified amount of sample alginate and laboratory water. 
10. Set digital Timer for five minutes. 
11. Commence mixing and start timer. 
12. Stop mixing at 45 seconds and load test syringe. 
13. Syringe mixed Algident into test button former, apply pressure. 
14. After 5 minute set, free sample and place in pan immediately. 
15. Press “Start” button on TGA and check oven jig and pan engage. 
16. Record initial weight after oven load complete. 
17. TGA will automatically stop and unload sample pan at designated end time. 
18. TGA automatically transfers data to hard drive on completion of experiment. 
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Appendix C: Details of TGA Data Analysis 
 
1. Press “Data Analysis” to select analysis mode. 
2. Press “F1” to select analysis program. 
3. Select drive ”C”, press “F8” to accept. 
4. Tab down to select program “TGA 5.1”, press “F3” to accept. 
5. Press “F1” to start program, enter file name, press “F8” to accept. 
6. Select units for analysis: 
• Time = minutes 
• Temperature = oC  
• Signal A = Residual wt % 
• X-axis = time 
• Y-axis (1) = temp.    
• Y-axis (2) = Signal A (residual wt %) 
• Y-axis (3) = Derivative (rate of wt loss) 
 
7. Press “F1” to select “no limits” and start analysis. Graph appears. 
8. Follow prompts to select any point on the graph to obtain: 
 
• actual residual wt (“F1”) 
• % residual wt (“F2”) 
• rate of wt loss (“F3”) 
 
9. When finished, press “Escape”, then “F4”, then “F1”, to print graph. 
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Appendix D: An Example of a TGA Data Sheet Used for Calculation of the 
Isothermal Dehydration Rates of Dental Alginate 
 
File:  C:\TA\Data\DSC\PVN\PVN01050.001    Run Date: 1-May-01 19:11 
Program:  Universal V3.4C    Run Number:  683 
 
TA Instruments Thermal Analysis  --  TGA 1000 °C 
 
Sample:  PVNALG010501 65deg Hum. 
Size:  99.1680  mg 
Operator:  PAUL NICHOLS 
Method:  PAUL NICHOLS 
Comment:  NEW ALG 65 DEG HUMID 60 MINS OLD HUMIDIFYER OTLM ON 
 
 
     Time        Temperature      Weight      Deriv. Weight 
      min            °C              %            %/min 
     0.00           64.99          94.15          1.917 
     0.50           65.03          93.19          1.905 
     1.00           65.02          92.25          1.884 
     1.50           65.01          91.31          1.871 
     2.00           65.01          90.37          1.858 
     2.50           65.01          89.45          1.849 
     3.00           65.01          88.53          1.838 
     3.50           65.01          87.61          1.831 
     4.00           65.01          86.69          1.823 
     4.50           65.01          85.78          1.820 
     5.00           65.01          84.88          1.815 
     5.50           65.01          83.97          1.805 
     6.00           65.01          83.07          1.798 
     6.50           65.01          82.17          1.774 
     7.00           65.01          81.29          1.767 
     7.50           65.01          80.39          1.764 
     8.00           65.01          79.51          1.775 
     8.50           65.01          78.62          1.766 
     9.00           65.01          77.74          1.762 
     9.50           65.01          76.86          1.755 
     10.00          65.00          75.99          1.744 
     10.50          65.00          75.12          1.735 
     11.00          65.00          74.25          1.755 
     11.50          65.00          73.39          1.717 
     12.00          65.00          72.53          1.707 
     12.50          65.00          71.68          1.698 
     13.00          65.00          70.83          1.689 
     13.50          65.00          69.99          1.676 
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Appendix E: An Example of a Data Analysis Sheet from Microsoft Excel 
These were used to calculate the mean, standard deviation, median, standard error, sample variance, range, minimum and maximum, sum, and 95% 
confidence level of a set of measurements from each experiment 
 
Column1 Column2 Column3 Column4 Column5
          
Mean          
        
          
        
    
          
          
          
          
     
     
92.1025 Mean 87.8625 Mean 83.87 Mean 79.885 Mean 76.1125
Standard 
Error 
0.896217 Standard
Error 
0.833590 Standard
Error 
0.776219 Standard
Error 
0.776171 Standard
Error 
0.646327 
Median 92.04 Median 87.895 Median 83.895 Median 79.905 Median 76.135
Standard 
Deviation 
1.792435 Standard
Deviation 
 
1.667180 Standard
Deviation 
 
1.552438 Standard
Deviation 
 
1.552342 Standard
Deviation 
 
1.292655 
Sample 
Variance 
3.212825 Sample
Variance 
2.779491 Sample
Variance 
2.410066 Sample
Variance 
2.409766 Sample
Variance 
1.670958 
Range 3.41 Range 3.22 Range 3.05 Range 3.05 Range 2.36
Min 90.46 Min 86.22 Min 82.32 Min 78.34 Min 74.91
Max 93.87 Max 89.44 Max 85.37 Max 81.39 Max 77.27
Sum 368.41
 
Sum 351.45
 
Sum 335.48
 
Sum 319.54
 
Sum 304.45
 Count 4 Count 4 Count 4 Count 4 Count 4
Confiden-ce 
Level (95%) 
2.852167 Confiden-ce
Level (95%) 
 2.652859 Confiden-ce
Level (95%) 
 2.470279 Confiden-ce
Level (95%) 
 2.470125 Confidence
Level (95%) 
2.056905 
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Column6 Column7 Column8 Column9
        
Mean        
      
        
      
   
        
        
        
    
    
72.48 Mean 68.86 Mean 65.4125 Mean 62.0025
Standard 
Error 
0.654993 Standard
Error 
0.586657 Standard
Error 
0.531497 Standard
Error 
0.508008 
Median 72.5 Median 68.76 Median 65.3 Median 61.94
Standard 
Deviation 
1.309987 Standard
Deviation 
 
1.173314 Standard
Deviation 
 
1.062994 Standard
Deviation 
 
1.016017 
Sample 
Variance 
1.716066 Sample
Variance 
1.376666 Sample
Variance 
1.129958 Sample
Variance 
1.032291 
Range 2.54 Range 2.3 Range 2.09 Range 2.05
Minimum 71.19 Minimum 67.81 Minimum 64.48 Minimum 61.04
Maximum
 
73.73 Maximum
 
70.11 Maximum
 
66.57 Maximum
 
63.09
Sum 289.92
 
Sum 275.44
 
Sum 261.65
 
Sum 248.01
 Count 4 Count 4 Count 4 Count 4
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Appendix F: Typical Result Sheet of Data from Experiment 6.6. 
Dynamic TGA of Dental Alginates 
The temperature (T) was ramped at 5oC per minute, and the residual weight measured 
at each 5oC interval, as a percentage of the original sample weight. 
 
Exp.VK.1  
 
wt (mg) Temp oC Res,wt% 
 240102-1 27.2 30 100 
   35 99.66 
   40 98.59 
   45 97.21 
   50 95.26 
   55 93.09 
   60 90.29 
   65 87.52 
   70 84.55 
   75 81.69 
   80 78.34 
   85 74.77 
   90 71.32 
   95 67.37 
   100 63.63 
   105 59.54 
   110 55.45 
   115 51.09 
   120 46.76 
   125 42.99 
   130 39.21 
   135 36.18 
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Appendix G: Summary Table of Data from Experiment 6.6. Dynamic TGA of Dental Alginate  
Table shows the beginning of data from 10 runs of the same alginate (Algident) ramped 10oC from 30  – 350oC. 
 
VALIDATION TEST of TGA for Alginate Gels. 5 repeat experiments ramp 10deg/min from 30 to 200 deg 
Run  wt mg        30 35 40 45 50 55 60  65
1 27.2         
          
          
          
          
          
          
          
          
          
          
          
100 99.66 98.59 97.21 95.26 93.09 90.29 87.52
2 27.2 100 99.65 99.61 97.07 95.29 93.11 90.75 87.84
3 27.3 100 99.95 99.08 97.75 95.74 93.25 90.56 87.16
4 26.6 100 99.38 98.41 96.14 94.13 92.73 90.33 87.35
5 27.9 100 99.68 98.54 96.42 94.83 92.04 89.72 87.25
6 28.1 100 99.89 98.75 96.66 94.41 92.81 88.96 86.72
7 26.9 100 99.45 98.49 96.23 94.02 91.33 88.73 85.94
9 27.3 100 99.69 99.61 97.36 95.38 92.69 90.45 86.16
10 26.71 100 99.58 98.91 97.98 96.77 93.39 91.38 86.24
Mean 27.25 100 99.66 98.89 96.98 95.09 92.91 90.35 86.91
SD 0.5 0 0.18 0.46 0.66 0.87 1.02 1.34 0.67
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